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Summary 


A  large  number  of  composites  has  been  prepared  with  sodium  chloride 
as  a  filler  and  polyurethane  rubber  as  a  binder.  Two  filler  sizes 
were  used,  viz.  a  coarse  filler  fraction  of  200  -  300  p  m  and  a  fine 
filler  fraction  of  30  -  40  pm.  Furthermore  a  bimodal  filler  was 
prepared  by  mixing  those  fractions  :.n  ratios  that  were  varied  between 
0,1  and  0,9  in  steps  of  0,1.  Composites  were  prepared  which  contained 
between  i  vol  c/o  and  58  vol  of  coarse  filler,  between  1  vol  0  and 
45  vol  of  fine  filler,  and  between  40  vol  c,l  and  70  vol  of  bimodal 
filler  of  different  compositions. 

The  materials  were  investigated  in  tensile  creep  under  dead  loads  at 
21  °C  and  65  ^  R.H.  The  creep  behaviour  (dewetting  transition)  was 
measured,  the  relationship  between  tensile  strength  and  rupture  time 
was  determined,  and  rupture  surfaces  were  studied. 
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1.  INTRODUCTION 


In  the  design  of  solid  rocket  motors,  great  importance  is  attributed 
to  the  mechanical  behaviour  of  solid  propellant  grains,  because 
presence  or  occurrence  of  cracks  in  the  propellant  during  the  igni¬ 
tion  stage  may  lead  to  irregularities  in  the  burning  process  and  to 
malfunction  of  the  rocket  motor.  Stress  cracking  in  the  propellant 
may  occur  during  the  storage  period,  as  a  result  of  shrinkage  or  of 
thermal  stresses,  or  during  the  combustion  period,  because  of  the 
action  of  the  combustion  pressure  or  that  of  the  acceleration 
forces. 

For  the  proper  understanding  of  the  behaviour  of  solid  propellant 
grains  uider  those  circumstances,  detailed  knowledge  of  the  mechani¬ 
cal  properties  of  highly  filled  elastomers  is  essential.  The  work 
described  here  was  started  to  investigate  the  influence  of  filler 
characteristics,  such  as  size,  shape,  content  and  surface  treatment, 
on  the  mechanical  behaviour  of  the  filled  elastomers. 

To  avoid  complications  in  the  preparation  and  handling  of  samples, 
the  investigation  was  performed  on  inert  filled  materials.  The 
composite  propellant  we  have  in  mind  consists  of  polyurethane  rubber 
filled  with  ammonium  perchlorate.  The  model  materials  investigated 
consisted  of  the  same  type  of  rubber,  which,  however,  was  filled 
with  30dium  chloride.  Of  course,  it  is  realized  that  significant 
differences  could  exist  between  live  and  inert  filled  materials 
with  respect  to  mechanical  properties,  especially  to  those  influenced 
by  rubber-filler  interaction.  It  is,  therefore,  planned  to  verify 
general  trends  and  conclusions  found  for  these  polyurethane  -  sodium 
chloride  composites,  by  investigating  live  propellants  at  a  later 
stage. 

During  the  investigation  under  report,  model  substances  were  prepared 
on  a  kg-scale.  Only  one  type  of  polyurethane  rubber  was  used 
throughout.  It  was  filled  with  various  amounts  of  sodium  chloride. 
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The  sodium  chloride  filler  consisted  either  of  single  fractions  of 
the  sizes  30-40  (i  m  and  200  -  3C0  p  m,  or  of  a  mixture  of  these 
fractions  in  various  ratios. 

The  thermo-mechanical  properties  at  small  deformations  of  these 

model  substances  had  earlier  been  investigated  in  dependence  on 

temperature  and  frequency.  A  comprehensive  discussion  of  the 

influence  of  particle  size,  particle  size  distribution  and  content 

of  filler  cn  shear  moduli,  thermal  expansion  and  bulk  moduli  was 

l)  2)  3)  7) 

given  in  preceding  Technical  Reports  and  in  publications 

8)  9)  10)  11)  13) 


The  rupture  properties  of  these  model  substances  were  investigated 

by  measurements  of  tensile  creep  under  large  stresses  at  room 
4)  5) 

temperature  and  by  determination  of  stress  strain  diagrams 

at  various  temperatures  A  discussion  was  given  ^  on  the  effect 
of  particle  size  and  filler  content  on  rupture  of  composites  with 
fillers  of  unimodal  size  distribution. 

The  work  reported  here  was  undertaken  to  extend  these  investigations 
to  composites  with  fillers  of  bimodal  size  distribution.  As  a  result 
of  this  and  earlier  work  it  seems  possible  now  to  give  a  general 
discussion  on  the  rupture  pioperties  of  the  composite  system  (poly¬ 
urethane  rubber  -  sodium  chloride)  at  room  temperature.  This  will  be 
done  here.  An  extension  of  this  work  to  uther  temperatures  is  still 
in  progress. 
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2.  MATERIALS 


2.1.  Preparation  of  polyurethane_rubbers 

All  samples  of  filled  and  unfilled  polyurethane  rubbers  prepared 
for  tensile  creep  measurements,  were  based  on  a  linear  (poly- 
propylene  ether)  glycol  (Pesmophen  3600  )  with  a  molecular  weight 

of  about  2,000.  The  molecules  of  this  polyether  were  lengthened 
with  toluene  diisocyanate  and  crosslinked  by  means  of  trimethylol 
propane  in  the  presence  of  a  catalyst.  Full  details  on  the  chemis¬ 
try  of  the  preparation  of  these  rubbers  were  given  in  previous 
Technical  Reports  ^  ^  they  are  not  repeated  here. 

2.2.  Survey  of  the  materials  prepared;  routine  control  measurements 

The  aim  of  the  tensile  creep  programme  was  to  determine  the 
influence  of  filler  characteristics  on  the  tensile  creep  properties 
of  sodium  chloride  -  polyurethane  composites  by  systematic  varia¬ 
tion  of  content,  particle  size  and  particle  size  distribution  of 
the  filler. 

A  survey  of  the  materials  prepared  for  this  tensile  creep  programme 
is  given  in  Fig.  1  (general)  and  Table  1  (detailed).  Polyurethane 
rubbers  were  filled  with  1,  2,  5,  8,  10,  20,  30,  40,  45,  50,  55  and 
57  percent  by  volume' of  coarse  sodium  chloride  fraction  no.  2  with 
particle  size  200  -  300  pm;  furthermore  polyurethane  rubbers  were 
filled  with  1,  2,  5,  8,  10,  20,  25,  30,  35,  40  and  45  percent  by 
volume  of  fine  sodium  chloride  fraction  no.  6  with  particle  size 
30-40  p  m.  Finally,  a  large  number  of  polyurethane  rubbers  was 
filled  with  a  bimodal  filler  substance.  This  filler  consisted  of 
a  mixture,  in  different  weight  ratios,  of  coarse  fraction  no.  2 
and  fine  fraction  no.  6.  The  filler  concentration  of  the  bimodal 
filled  materials  ranged  from  40  to  70  percent  by  volume.  In  Fig. 

1  B,  sample  numbers  of  the  bimodal  filled  composites  are  arranged 
according  to  total  filler  content,  c,  and  the  mixing  ratio  of  the 

*)  Farben  Fabriken  Bayer,  Levericusen,  Germany. 
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both  fractions,  indicated  by  f,  the  weight  ratio  of  the  fine  filler 
fraction  in  the  bimoaal  mixture  of  the  filler. 

Fig.  1  shows  that  some  materials  were  made  in  duplicate  or  tri¬ 
plicate.  This  was  done  to  investigate  the  batch  to  batch  varia¬ 
bility,  or  to  increase  the  number  of  specimens  available  for  the 

* 

tensile  creep  programme,  ’./hen  necessary,  the  surfactant  Asolectin 
was  used  in  the  preparation  of  highly  filled  materials;  a  letter  A 
has  then  been  added  to  the  sample  number. 

Full  details  about  each  sample  are  given  in  Table  1  ,  pp.  39. 

Column  1  gives  the  sample  number.  Column  2  indicates  the  applica¬ 
tion  of  the  surfactant  Asolectin  .  (l  =  Asolectin  applied; 

0  =  no  Asolectin  applied)  Columns  3,  4  and  5  indicate  the  chemical 
composition  of  the  rubbery  cinder.  Filler  composition  is  given  in 
columns  9  through  16  by  citing  the  fraction  number  (columns  9 
through  12)  and  their  respective  mixing  ratios  (columns  13  through 
16).  Plasticizer  content  is  listed  in  column  17,  whereas  in  column 
’8  the  type  of  plasticizer  used  is  indicated:  "1"  means  diiso- 
octylazelate. 

The  total  filler  concentration,  given  in  columns  6,  7  and  8,  was 

calculated  from  the  ingredients  used  (column  6),  as  well  as  from 

the  density  of  the  composite  at  23  °C  (columns  7  and  8)  referring 

to  top  and  bottom  of  cured  sample  respectively.  The  values  for 
23 

d  are  given  in  columns  21  and  22.  For  the  calculation  we  used 
the  formula  ^  3/  9,: 

c  .  (a23  -  a23  )  /  (df  -  a23  )  (0 

r  It 

where : 


*)  Asolectin  (Associated  Concentrates  Inc.,  New  York).  Filler  substance 
treated  with  a  solution  of  Asolectin  in  chloroform  -  methanol  2:1, 
followed  by  drying  in  vacuo  at  40  °C. 

**)  Zero's  in  this  computer  composed  table  are  used  for  "not  determined" 
or  "does  not  apply". 
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volume  fraction  of 

0 

density  of  the  composite  at  23  C 

density  of  the  unfilled  rubber  at  23  °C  =  1.06? 

density  of  the  NaCl  filler  at  23  °C  =  2.160  ^  ^ . 

In  general,  the  differences  between  the  two  values  for  the  content 
of  filler  were  smaller  than  0.2  to  0.3  percent  by  volume.  In  the 
interpretation  of  the  results,  the  values  as  calculated  from  the 
ingredients  were  used. 

A  series  of  very  low  filled  samples  was  prepared  (sample  nos.  630 
to  689).  For  these  samples,  optical  inspection  was  assumed  to 
constitute  a  better  measure  for  homogeneity  than  the  measurement 
of  density,  and  the  ingredients  used  were  thought  to  give  a  better 
indication  of  the  filler  content  than  the  values  of  the  density. 

The  constancy  of  the  crosslinking  density  of  the  rubbery  binder 
over  all  materials  prepared,  was  checked  by  measuring  the  swelling 
at  equilibrium  in  two  organic  liquids,  /is.  chloroform  and  tri¬ 
chloroethylene.  Results  are  given  in  columns  19  and  20.  For  the 
filled  rubbers ,  the  maximum  relative  deviations  in  the  swelling 
were  smaller  than  7  %  rel.;  the  standard  deviation  was  about  3  $> 
rel. 

A  series  of  unfilled  rubbers  was  prepared,  in  whica  the  recipe  has 
been  changed  systematially  to  obtain  rubbers  with  different  cross- 
linking  density,  vis,  swelling.  These  samples,  numbered  479,  460, 
482,  483  and  464,  were  used  to  study  the  influence  of  crosslinking 
density  on  rupture  properties. 

Finally  four  unfilled  rubbers  were  prepared,  which  contained 
different  amounts  of  plasticiser  (sample  numbers  488,  489,  490 
and  491). 


1ENTRAAL  LAbORATOR IUH  TNO  -  DELFT  (Holland)  -  Report  No.  69/197  -  p.  8. 


3.  EXPERIMENTAL  TECHNIQUE  FOR  THE  DETERMINATION  OF  TENSILE  CREEP 


The  principle  of  the  measurement  is  explained  with  reference  to  Fig. 
2.  A  hanging  specimen  in  the  form  of  a  bar-bell,  was  subjected  to  a 
tensile  stress  by  loading  it  with  a  constant  weight.  The  square 
cross-section  in  the  prismatic  part  of  the  specimen  was  about 
8.0  x  8.0  mm^,  and  its  length  about  250  mm.  Time-dependent  tensile 
strain  was  measured  by  registration  of  the  position  of  well-defined 
marks  on  the  specimen,  with  regard  to  a  precision  millimeter-scale, 
parallel  to  it  at  a  distance  less  than  0.5  mm. 

The  registration  was  performed  automatically  with  an  electric 

14) 

camera  system  triggered  by  a  logarithmic  clock  .  Photographs  were 

1c 

mostly  made  at  2,  4,  8,  16  ....  2  ,  etc.  seconds  after  the  beginn¬ 
ing  of  the  creep  experiment.  By  using  three  marks  on  the  specimen, 
at  a  mutual  distance  of  75  mm,  the  strain  could  be  measured  over 
different  pieces  of  its  prismatic  part.  In  this  way,  uniformity  of 
tensile  creep  over  the  gage  length  was  checked.  Finally,  rupture 
time  was  measured  by  switching  off  a  time  counter  by  the  falling 
weight. 

For  the  preparation  of  the  specimens  we  started  from  cast  plates  of 

3 

the  dimensions  of  21,0  x  150  x  250  mm  .  From  these,  strips  with  a 

2 

rectangular  cross-section  of  about  9,0  x  21,0  mm  and  a  length  of 
250  mm,  were  sawn.  Bar-bell  shaped  specimens  were  obtained  by 
grinding  these  strips.  Shape  and  dimensions  of  the  specimens  are 
indicated  in  Fig.  J>, 

Lateral  dimensions  did  not  scatter  more  than  0,02  mm  within  the 

prismatic  part  of  the  specimen.  All  operations  were  performed  on  a 
*) 

Maximat  Standard  comeined  lathe  and  milling  machine .  During 
machining  sawdust  was  removed  with  a  large  model  vacuum  cleaner. 

For  the  measurement  of  samples  containing  10  vol  of  filler  or  more, 
brass  headpieces  were  glued  on  both  ends  of  the  specimen.  Suspension 


*)  Kaier  &  Co.,  Halleir.,  Austria. 
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wires  were  fixed  on  these  heads.  A  universal  joint  in  the  stiff  upper 
wire  guaranteed  a  vertical  position  of  the  specimen.  The  thin  lower 
wire  supported  the  load.  Contrastful  circular  marks  were  made  with 
an  elastic  paint.  They  were  defined  within  0.02  mm.  Precision  milli¬ 
meter-scales  were  made  from  "Aristo"  rulers,  type  No.  1309/2.  The 
sharpness  of  the  lines  turned  out  to  be  better  than  0,02  mm.  The 
scale  was  fixed  at  the  upper  part  of  the  specimen  by  a  spring  con¬ 
struction. 

When  the  same  method  was  used  for  testing  specimens  of  unfilled  rubber, 
it  was  observed  that  rupture  mostly  occurred  near  the  glued  ends  of 
the  specimen,  outside  the  prismatic  part.  Therefore  special  clamps  were 
developed  for  testing  unfilled  rubbers  and  rubbers  with  a  filler 
content  lower  than  10  vol  $.  These  clamps  support  the  specimen  over 
the  circular  part  between  the  prismatic  part  and  the  broader  end  of 
the  bar-bell  with  two  pieces  of  aluminium  having  the  same  radius  as 
the  circular  part.  The  pieces  are  fixed  between  two  thin  metal  plates 
in  such  a  way  that  the  non-prismatic  part  of  the  specimen  is  enclosed 
on  all  sides.  A  schematic  representation  is  given  in  Fig.  3.  Using 
these  clamps  for  specimens  with  lower  filler  content,  rupture  always 
occurred  within  the  gage  length. 

All  measurements  have  been  performed  in  a  temperature  and  humidity 
conditioned  room  (21  +  °C,  rel.  hum.  65  +.  1  £).  For  these  creep 

experiments,  the  errors  were  less  than: 

0.2  %  in  the  strain  (absolute  strain  error); 

C.  1  /s  +_  1  second  in  the  elapsed  time ; 

0.02  hrs  in  the  rupture  time,  if  it  exceeded  C.1  hrs; 

+  2  sec.  in  the  rupture  time,  if  it  was  smaller  than  0,1  hrs; 

0.5  in  the  weight  (stress). 


«..•  'S>wve^. 
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4.  MEASUREMENTS 


For  each  of  the  materials  listed  in  Table  1,  a  number  of  tensile 
specimens  was  prepared  and  measured  under  various  constant  loads. 

This  number  varied  between  3  as  a  minimum  and  3  as  a  maximum. 
Illustrative  for  the  results  obtained,  Pigs.  4  and  5  show  creep 
curves  under  various  constant  tensile  loads  for  polyurethane  rubbers 
containing  50  vol  $£  of  bimodal  NaCl  filler  Pig.  4  refers  to  a 
material  with  a  bimodal  filler  which  consisted  of  SO  ’fs  of  coarse 
fraction  no.  ?.  and  ''-0  f:  of  fine  fraction  no.  6. 

Five  specimens  of  this  material  were  available ;  four  of  t.ie  specimens 

ruptured,  as  indicated  by  a  cross  in  the  figure.  The  specimen  under 

the  load  of'  2.5  kg/cm  remained  still  unbroke  fter  a  loading  time 

of  10.000  hrs  (longer  than  1  year).  The  effect  of  the  increase  of 

tensile  stress  on  the  creep  behaviour  is  very  clearly  demonstrated 

by  Pig.  4-  All  creep  curves  start  with  a  part  of  approximately  time 

independent,  small  deformation.  After  a  while  a  strong  increase  in 

the  deformation  is  observed  which  precedes  the  occurrence  of  rupture. 

This  increase  of  deformation  was  shown  earlier  to  be  connected  to  the 

transition  of  the  composite  from  the  undewetted  state  to  the  dewetted 

5)  1 2) 

state  .  The  location  of  this  transition,  and  that  of  rupture, 

in  time  scale  depend  strongly  on  the  value  of  the  load.  Higher  loading 

shifts  transition  and  rupture  to  shorter  times.  In  earlier  publica- 
4)  5)  1?) 

tions  ,  the  position  of  the  onset  the  dewetting  transition 

was  chosen  as  a  basic  characteristic  for  the  discussion  of  the 
strength  properties  of  the  materials.  As  this  transition  becomes 
rather  vague  and  ill-defined  in  time  scale  for  materials  with  a  lower 
filler  content,  we  have  chosen  now  the  values  of  rupture  time  as  a 
basis  for  the  discussion  of  strength  properties. 

Fig.  5  refers  to  a  material  filled  with  a  bimodal  filler,  which 
consisted  of  80  f.  of  coarse  fractior  no.  2  and  20  %'  of  fine  fraction 
no.  6.  For  these  measurements,  five  specimens  were  available.  The 
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one  loaded  with  3  kg/cm^  did  not  break  after  a  loading  time  of  1000 
hrs.  It  was  unloaded  (?.ndicatect  in  the  figure  by  a  downward  arrow) 
and  allowed  to  recover  for  another  1000 hrs.  After  this  time,  it  was 
reloaded  with  a  load  of  5  kg/cm  .  It  is  observed  that,  during  the 
second  period  of  creep,  this  specimen  showed  deformations  which  were 
clearly  too  high  in  the  beginning  of  the  creep  curve.  The  reason  is 
that  it  was  already  partially  dc wet ted  during  the  first  period  of 
creep.  The  rupture  point  of  this  specimen,  however,  was  shifted  but 
little  to  shorter  times  and  could  be  used  within  the  complete  series, 
as  if  it  had  belonged  to  a  virginal  specimen. 

This  procedure,  of  using  a  specimen  twice,  was  applied  a  few  times 
only.  Uith  a  few  exceptions,  the  values  of  the  dead  loads  could  be 
chosen  successfully  in  advance  to  obtain  rupture  points  which  were 
regularly  distributed  in  logarithmic  time. 

*) 

The  complete  set  of  experimental  creep  curves  is  given  in  Appendix  I  . 

Each  figure  of  this  Appendix  v?ill  give  creep  curves  under  various 
**) 

high  stress  levels  for  one  material.  As  symbols  for  fracture  and 
unloading  respectively,  crosses  and  arrows  were  used. 

Values  of  the  rupture  times  under  the  various  stresses  are  listed  in 
Tables  2  tc  9: 

Table  2  unfilled  unplasticised  rubbers 

Table  3  unfilled  plasticized  rubbers 

Table  4  composites  with  coarse  filler 

Table  5  composites  with  fine  filler 

Table  6  composites  containing  40  vol  /  of  bimodal  filler 

Table  7  composites  containing  50  vol  of  bimodal  filler 

Table  8  composites  containing  55  vol  of  bimodal  filler 

Table  9  composites  containing  60,  65,  67  and  70  vol  /'<>  of  bimodal  filler. 

*)  Appendix  I  will  be  distributed  on  request. 

**)  In  this  report,  tensile  stress  is  always  calculated  with  regard 
to  the  original  cross-section  of  the  specimen.  Farther,  creep  curves 
are  plotted  on  a  logarithmic  time  scale. 


_  .  _ _ _ _ 
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5.  DISCUSSION 

5.1.  Rapture  behaviour  cf  unfilled  polyurethane  rubber 

Ue  start  the  discussion  with  the  results  obtained  for  specimens  of 
the  unfilled  rubber.  Fig.  6  gives  creep  curves  at  various  values 
of  the  stress  level  f~r  the  unfilled  sample  no.  629*  Obviously 
there  is  no  considerable  creep,  even  at  stresses  high  enough  to 
produce  rupture.  The  reason  for  this  behaviour  is  tv;o-fold:  the 
rubber  was  uell  crosslinkea  and  the  tensile  creep  measurements 
were  performed  at  a  temperature  70  °C  above  the  glass  temperature 
of  the  rubber  (To-  ~  -  50  °C)1^. 

to 

Though  creep  of  the  unfilled  rubber  is  small,  it  is  not  completely 
absent.  From  the  data  of  Fig.  6  we  calculated  the  value  of  the 
tensile  creep  compliance,  F(t),  as  defined  by  the  equation: 

F  =  e  /a  (■  +  e  )  (2) 

In  this  formula  ve  have  corrected  for  the  lateral  contraction  of 
the  specimen.  For  all  values  of  stress  a  ,  compliance  curves 
calculated  from  the  creep  curves  in  Fig.  6,  coincide.  The  creep 
compliance  may  e  accurately  described  by  a  straight  line  in 
double  logarithmic  diagram  over  six  decades  of  the  time  scale, 
viz  by  the  equation: 

log  ?(tj  =  a  +  b  log  t  (5) 

p  / 

where  F  is  in  cm  /kg,  t  is  in  hrs  and 
a  =  -  1,446  b  =  0.0P5? 

Though  the  compliance  curves  for  the  specimens,  shown  in  Fig.  6 
agr^e  very  accurately  with  one  another,  the  rupture  points  of 
those  specim-ns  show  3  considerable  scatter.  From  the  restricted 
number  (s)  of  specimens  that  could  be  made  from  one  batch  it  was 
impossible  to  obtain  a  reasonable  impression  of  the  rupture  stress- 
rupture  time  behaviour.  For  this  purpose  a  number  of  specimens 
about  ten  times  as  high  would  be  necessary. 


7 


CENTRAAL  LABORATORIJM  TNO_-  DELFT  ( Holland )_-Jieport_No.  69/197 p.  13. 


In  order  to  get  some  information  concerning  the  rupture  behaviour 
of  the  unfilled  rubber,  we  have  plotted  in  Fig.  7  the  rupture  points 
of  the  specimens  of  seven  unfilled  samples  with  approximately  the 
same  value  of  the  swelling  (viz  crosslinking  density).  Pooling  all 
those  data,  it  was  possible  to  derive  by  statistical  analysis  ' 
the  following  relationship  bc-i’-cer.  rupture  stress  o"^  (in  kg/cm  ) 
and  rupture  time  t,  (in  hrs): 

log  a ,  =  A  -  B  log  t. 

b  b 

with  A  =  0,968  +  0,004 

and  B  =  0,0176  +  0,0059 


(5) 

(6) 


As  the  coefficient  of  variation  of  the  single  measurement  of  rupture 
stress  we  found  7  fw  The  straight  line  dram  in  Fig.  7  represents 
eq.  (5).  The  dependence  of  rupture  stress  on  ruplure  time  is  very 
weak.  (The  course  of  logo  vs  log  t  is  nearly  horizontal). 


The  fracture  surfaces  of  the  eight  specimens  of  sample  no.  629  were 
studied  under  the  microscope.  From  the  pattern  of  lines  on  the 
fracture  surface,  it  was  possible  to  draw,  \;i th  reasonable  confidence, 
conclusions  concerning  the  location  of  the  origin  of  fracture.  In 
six  out  of  eight  cases  we  observed  the  following  fracture  pattern. 

On  the  fracture  surface,  away  from  its  edge,  a  region  was  found  which 
was  smoother  than  the  remainder  of  the  fracture  surface.  In  this 
region  one  or  more  inhomogeneities  were  observed,  very  small  voids 
in  the  material,  from  which  fracture  lines  radiated  into  various 
directions.  These  fracture  lines  were  very  fine  and  formed  a  figure 
like  a  spiral.  At  larger  distances  from  this  point  the  fracture  lines 
changed  into  coarser  steps  in  the  fracture  surface  and  the  picture 
became  more  rough.  The  pattern  spreads  over  the  entire  fracture 
surface;  mostly  some  of  the  rougn  steps  converge  towards  a  point 
situated  at  the  opposite  edge;  there  they  become  somewhat  smoother 
again.  V/e  believe  that  the  inhomogeneitj’’  in  the  interior  was  the 
origin  of  primary  fraccure,  whilst  the  inhomogeneity  at  the  edge 


*)  In  the  least  square  analysis  it  was  assumed  that  rupture  time 
was  an  accurately  measured  variable  whilst  rupture  stress  was 
a  logarithmically  normally  distributed  stochastic  variable. 
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acted  as  an  o.  igin  of  a  secondary  fracture  which  was  initiated 
during  the  propagation  of  the  primary  one.  We  do  not  give  a  micro¬ 
graph  but,  instead  a  schematic  drawing  of  two  of  those  fracture 
surfaces  in  Figs.  8a  and  8^.  In  one  case  we  found  a  fracture 
source,  which  was  situated  at  the  edge;  a  drawing  of  this  case  is 
given  in  Fig.  8C.  In  the  remaining  case  no  definite  conclusions 
could  be  drawn. 

From  those  observations  we  conclude  that  in  the  unfilled  specimen 
fracture  is  always  initiated  around  the  stress  concentration  field 
of  an  inhomogoneity.  This  may  be  either  a  flaw  or  a  void  in  the 
interior  of  the  material,  or  a  damage  of  the  surface  of  the  specimen, 
as  for  instance  caused  by  the  proces  of  machining. 

The  next  stage  in  the  fracture  process  will  then  be  the  growth  of 

the  crack  until  it  becomes  unstable.  This  process,  which  is  the 

time  determining  step,  is  governed  by  the  viscoelastic  properties 

1 5) 

of  the  binder.  According  to  a  simple  theoretical  model  by  Halpin  , 
the  time  dependence  of  strength  should  be  connected  with  the  creep 
properties  of  the  binder  by  means  of  the  equation: 

%  =  K  /  F  (  t^  /  q)  (7) 

In  this  equation,  cr  is  the  rupture  stress,  t,  the  rupture  time 

D  D 

and  X  a  parameter  which  is  only  weakly  dependent  •  -  time.  The  time 
dependence  of  rupture  stress  is  chiefly  due  +r  ae  dependence 

of  the  creep  compliance,  F,  which  is  to  be  taken  at  .  time  t^/q, 
much  shorter  than  the  rupture  time,  t  .  It  is  assumed  that  q  is  a 

,  4  8n  b 

large  number  (between  10  and  10  ;. 

By  means  of  equation  (7)  we  can  understand  that  the  rupture  stress 
of  the  unfilled  rubber  has  a  very  weak  time  dependence,  because  the 
rubber  shows  a  very  weakly  increasing  creep  curve.  A  direct  compar¬ 
ison  between  the  values  of  the  slopes  of  rupture  stress  and  creep 
with  time  in  double  logarithmic  diagram  seems  to  be  premature.  It 
may  be  sufficient  to  state  that  the  values  found  for  b  in  eq.  (3) 
and  B  in  eq.  (5)  are  not  in  contradiction  with  the  validity  of  eq. 
(7). 
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The  weak  time  dependence  of  rupture  stress  also  explains  the 
large  scatter  in  the  tensile  creep  experiments  of  the  unfilled 
samples.  By  this,  even  a  moderate  fluctuation  in  strength  of  the 
inhomogeneities  will  cause,  a  very  large  scatter  in  rupture 
times. 

The  series  of  unfilled  rubbers  with  different  crosslinking 
densities  (samples  nos.  479>  480,  482,  485  and  484)  has  also  been 
investigated.  For  each  of  these  materials,  only  a  small  number  of 
specimens  was  available.  Therefore,  it  was  impossible  deduce 
the  rupture  stress  -  rupture  time  relationship  independently  for 
those  samples.  Instead,  we  assumed  that  also  in  this  case  a  rela¬ 
tionship  of  the  form  of  eq.  (5)  was  valid;  we  further  assumed 
that  only  A  (the  value  of  the  logarithm  of  strength  at  1  hr),  but 
not  B  (the  slope)  was  affected  by  crosslinking  density.  Then  we 
determined,  by  least  square  analysis,  the  dependence  of  the  value 
of  A  on  the  crosslinking  density.  Results  are  given  in  Table  10. 
The  strength  is  seen  to  increase  with  increasing  crosslinking 
density  (decreasing  swelling). 

A  similar  procedure  was  followed  with  regard  to  the  series  of 
unfilled  rubbers  with  increasing  content  of  plasticizer:  the 
strength  of  those  rubbers  was  found  to  decrease  strongly  with 
increasing  plasticizer  content. 
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Table  10  One  hour  tensile  strength  of  unfilled  rubbers 
according  to  eq.  (5) 

B  =  0,0176 


unplasticized;  conventional  value  of  swelling 

■ 

(mean  of  sample  numbers  423,  441,  460 

,  478,  482,  487,  629) 

S  (chloroform) 

41s  + 

16 

s,  <«> 

319  + 

11 

A 

0,968  + 

0,004 

2 

0  ,  1  hr  (kg/cm  ) 
b 

9 

,29  + 

7  fo 

unplasticized;  increasing  crosslinking  density 

sample  no.  | 

| 

479 

480 

483 

484 

Sv  (chloroform)  ! 

467 

442 

400 

385 

1 

Sv  (tri) 

1  v  1 

357 

335 

308 

298 

i 

|  a  ; 0,923 

0,942 

0,998 

1,012 

j  0  1  hr  (kg/cm2) 

D  1 

! 

1 

8,37 

8,75 

9,95 

10,28 

plasticized 

sample  no. 

488 

489 

490 

491 

*) 

plasticizer  ,  vol.  f> 

5,< 

10,0 

19,9 

29,8 

A 

0,957 

0,859 

0,783 

0,660 

a  ,  1  hr  (kg/cm2) 
b 

9,06 

1 

7,23 

i  ■  . 

j  6,14 

? 

i 

4,57 

*)  diisooctylazelate 
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5.2.  Rupture  behaviour  of  elastomers  filled  with  coarse  sodium  chloride 


The  rupture  behaviour  of  samples  filled  with  coarse  sodium  chloride 
only  is  summarized  in  Pigs.  9  and  10.  In  Pig.  9  rupture  stress  vs 
rapture  time  is  plotted  for  the  samples  containing  about  10,  20,  30, 
40,  45,  50  and  55  vol  %  of  coarse  sodium  chloride.  Symbols  of  the 
same  character  are  used  to  indicate  rupture  of  various  specimens 
prepared  from  the  same  batch.  We  observed  that  the  scatter  of  the 
individual  rupture  points  is  not  very  large.  Therefore  it  was  pos¬ 
sible  to  draw,  with  reasonable  certainty,  curves  which  represent 
the  mean  v  ength  as  function  of  rupture  time  for  those  materials. 
The  lines  of  mean  strength  vs  rupture  time  show  a  similar  shape. 

In  double  logarithmic  plot  they  all  have  a  significant  positive 
curvature,  which  increases  slightly  with  increasing  filler  content. 
Therefore,  for  i  .ose  materials  the  rupture  time  -  rupture  stress 
relationship  can  not  be  described  by  a  simple  linear  equation  as 
eq.  (5)--  We  have  not  tried  at  this  stage  to  describe  the  shape  of 
the  a  -  t^  relationships  by  other  empirical  equations.  Instead  of 
that  we  used  the  drawn  lines  of  Pig.  9  to  read  the  values  of  the 

rupture  stress  corresponding  with  the  exact  rupture  times  of  10  , 

2 

1,  10  and  10'  hrs.  by  interpolation.  Sometimes,  it  was  even  pos¬ 
sible  to  determine  without  too  much  extrapolation  the  values  at 

-2  ~ 

the  rupture  times  of  10  and  10y  hrs.  The  corresponding  stress 
values  were  listed  in  Table  1 1 . 

There  is  a  strong  influence  of  time  on  the  rupture  stress  and 
there  is  a  strong  influence  of  filler  content  on  the  strength  of 
the  samples  at  all  rupture  times;  the  higher  the  filler  content, 
the  weaker  the  sample.  Prom  the  lines  of  Pig.  9  we  get  the  im¬ 
pression,  that  materials  with  a  higher  content  of  coarse  sodium 

chloride  show  a  fatigue  limit,  i.e.  that  the  c  ,  -  t,  relation- 

d  b 

ships  bend  asymptotically  to  a  horizontal  level  for  very  long 
times.  The  value  ol  those  fatigue  limits  decreases  strongly  with 
filler  content. 


CENTRAA1  LABORATORIUH  TNO  -  DELFT  (Holland)  -  Report  No.  69/ i 9?  -  p.  18. 


The  strength  of  the  materials  containing  a  very  small  amount  of 
coarse  filler,  viz  between  2  and  8  vol  /<?,  has  been  indicated  in 
Pig.  9  by  just  drav/ing  tne  line  of  mean  strength  without  plotting 
the  actual  rupture  points.  It  is  seen  that  those  samples  she;-;  a 
(rupture  -  stre 5  -  (rupture  -  time)  relationship,  which  has  a 

smaller  curvature  and  a  more  horizontal  course  than  the  higher 
filled  samples.  It  resembles  much  more  the  line  of  mean  strength 
vs  time  for  the  unfilled  rubber  which  has  also  been  drawn  in  Fig. 
9.  However,  the  materials  containing  a  small  amount  of  coarse 
sodium  chloride  are  all  much  weaker  than  the  unfilled  rubber. 

In  Pig.  10  we  have  plotted  in  moie  detail  the  rupture  behaviour 
of  the  materials  containing  1,2,  5-8  and  10  vol  Jo  of  coarse 
sodium  chloride.  Prom  the  position  of  the  rupture  points,  we 
conclude  that  there  is  no  significant  difference  between  the 
samples  containing  2,  5  and  8  vol  Jo  of  sodium  chloride.  The 
rupture  stress  -  rupture  time  relationship  for  those  samples  is 
more  flat  and  lies  above  the  corresponding  relationship  for  the 
sample  with  a  filler  content  of  10  vol  J-.  The  sample  which  con¬ 
tained  1  vol  fc  of  coarse  sodium  chloride  differed  slightly  in 
strength  from  those  with  a  filler  content  between  2  and  8  vol  fo. 
The  reason  for  that  is  unknown. 

The  most  striking  feature  of  these  results  is  the  following:  A 
material  which  contains  a  very  small  amount  of  coarse  filler  - 
in  the  limit  just  one  coarse  filler  particle  -  has  a  strength 
which  is  about  ne  half  of  the  strength  of  the  mfilled  sample. 
This  points  strongly  to  the  conclusion  that  the  initiation  ^f  the 
rupture  of  a  sample  containing  coarse  filler  must  be  located  near 
the  ccarse  filler  particle.  The  first  flaw  will  occur  either  in 
the  vicinity  of  the  filler  particle  in  the  binder  cr  at  thr  inter¬ 
face  between  filler  and  binder.  In  the  first  case  we  would  have  a 
cohesive  failure  of  the  binder  initiated  by  the  stress  concentra¬ 
tion  due  to  the  presence  of  the  filler  particle;  in  the  latter 
case  we  would  have  an  adhesive  failure. 
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A  decision  between  the  two  possibilities  was  difficult,  not¬ 

withstanding  the  fact  that  we  investigated  by  microscope  a  large 
number  of  fracture  surfaces,  especially  those  of  materials  con¬ 
taining  a  small  amount  of  filler.  We  always  found  coarse  filler 
particles  partially  sticking  out  of  the  fracture  surface;  those 
particles  did  not  seem  to  be  covered  with  a  layer  of  rubber;  we 
also  found  the  replicas  of  the  filler  particles  which  were  pulled 
out  from  the  fracture  surface;  these  replicas  were  negatives  of  the 
filler  particles  and  did  not  show  holes  from  parts  of  the  binder 
tom  out  with  the  filler  simultaneously. In  no  case  was  a  fracture 
through  the  filler  particles  observed.  The  fracture  surface  always 
propagated  around  the  filler  particles,  which  remained  unbroken. 

The  fact  chat  no  filler  particles  with  remainders  of  the  binder  on 

their  surface  have  been  detected  does  not  prove  that  rupture  was 

*) 

of  the  adhesive  type.  It  is  even  more  probable  that  the  process 
starts  as  a  cohesive  failure  near  •‘‘he  filler  particle,  then  pro¬ 
pagates  towards  the  interface  filler  rubber,  devetting  the  filler 
particle  from  the  binder,  and  finally  propagates  into  the  opposite 
direction  through  the  cross-section  of  the  specimen.  In  any  case 
the  result  ox  the  first  step  of  the  fracture  process  will  be  the 
partial  dewetting  of  one  filler  particle  and  the  occurrence  of  a 
flax-?  in  the  binder  near  the  filler  particle. 

Ue  tried  to  find  microscopic  evidence  for  the  hypothesis  that  the 
initiation  step  of  fracture  is  the  dewetting  of  a  coarse  filler 
particle.  Seven  fracture  surfaces  of  matei'ial  no.  630  (l  vol  fo 
coarse  filler)  were  investigated.  Ue  found  that  all  fracture 
surfaces  showed  a  pattern  similar  to  that  of  the  unfilled  specimen, 
though  it  was  less  easy  to  analyze  due  to  +he  disturbing  effect  of 
the  presence  of  coarse  filler  particles.  Two  special  regions  on  the 
fracture  surface  could  be  observed.  One  was  situated  in  a  smooth 
part  of  the  fracture  surface  very  near  to  one  of  the  edges  or 


*)  Compare 
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corners  of  the  specimen;  it  was  always  related  to  a  filler  particle, 

its  replica  or  a  group  of  filler  particles  and  replicas.  Fine  frac-  J 

% 

ture  lines  originated  from  the  filler  particles,  mostly  in  the  | 

shape  of  feathers,  which  connected  the  various  filler  particles  \ 

I 

in  this  region.  We  believe  this  region  to  contain  the  origin  of  ? 

primary  fracture  (See  P  in  Fig.  11 ).  At  larger  distances  from  this 

( 

region  the  pattern  became  more  rough  and  spread  over  the  entire 
surface.  Finally  the  lines  converged  again  towards  a  region  at  the 
opposite  edge;  in  this  region  (s)  no  filler  particles  were  observed 
generally.  'Fro  examples  are  drawn  in  Fig.  11  a  and  b. 

The  eight  fracture  surfaces  of  material  no.  63 8  (2  vol  ^  of  coarse 
filler)  showed  a  pattern  very  similar  to  that  of  material  630. 

An  example  is  sketched  in  Fig.  11  c.  Fracture  surfaces  of  the 
material  with  5  vol  fo  of  coarse  filler  still  showed  the  same 
pattern,  however,  the  differences  between  smooth  and  rough  parts 
of  the  fracture  surface  became  less  pronounced.  The  origin  of 
fracture  was  always  connected  with  a  larger  number  of  particles 
(lO  or  more).  In  all  cases  it  could  be  traced  clearly. 

The  fracture  surfaces  of  the  material  with  8  vol  of  coarse  filler 
were  much  more  'uniform.  The  overall  pattern  did  not  show  any  longer 
a  cirection  from  one  edge  or  corner  to  the  opposite  corner.  However, 
by  inspection  of  the  four  corners  of  the  fracture  surface  we  found 
that  one  of  those  corners  differed  iron  the  other  three.  In  this 
corner,  the  rubbery  surface  connecting  the  fillar  particles  showed 
fine  fracture  lines  of  tne  shape  as  mentioned  above.  This  corner 
contained  the  region  of  fracture  initiation,  which  could  not  always 
be  traced  clearly.  An  example  i£  drs,rn  in  Fig.  11  d. 

Fracture  surfaces  of  materials  containing  10  volume  percent  of  coarse 

filler  or  more  were  uniform  and  did  not  show  any  indication  for 

the  direction  of  nrooaratior.  of  fracture.  No  fracture  linos  could 

*} 

be  detected  by  light  microscopy  ' .  .:e  found  that  the  fracture 


*)  Investigations  by  electronmicroscopy  arc-  still  to  be  performed. 
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surface  of  materials  with  a  volume  content  higher  than  10  vol  fo 
showed  more  roughness  and  irregularities  than  those  of  materials 
with  a  lower  filler  content. 

VJe  conclude  that  for  materials  containing  less  than  10  vol  %■  of 
coarse  filler  direct  microscopic  evidence  could  he  found  that  the 
initiation  of  fracture  is  connected  with  the  presence  of  coarse 
filler  particles.  However,  more  than  one  filler  particle  seems 
to  he  involved  during  the  stable  phase  of  the  fracture  process. 

The  period  in  the  fracture  process  following  after  dewetting  will 
be  the  growth  of  the  crack  until  it  becomes  unstable.  A  different 
mechanism  is  expected  to  occur  during  this  period  for  rubbers  with 
a  low  and  a  high  filler  content. 

Consider  first  an  elastomer  with  a  low  content  of  large  particles. 
Tne  propagating  crack  will  then  meet  binder  material  during  the 
major  part  of  the  time  before  it  becomes  unstable.  Therefore  the 
period  of  stable  crack  propagation  will  be  governed  by  a  mechanism 
which  is  similar  to  that  of  the  propagation  of  the  crack  in  the 
unfilled  rubber.  The  only  difference  will  be  that  the  crack  pro¬ 
pagation  occurs  in  a  stress  field  which  is  enlarged  by  the  stress 
concentration  of  the  filler  particles.  V le  therefore  expect  that 
the  rupture  stress  -  rupture  time  relationships  are  identical  for 
the  lowly  filled  materials,  independent  of  filler  content,  and 
are  parallel  to  the  rupture  stress  -  rupture  time  relationship 
for  the  unfilled  rubber.  This  is  just  what  we  observed  in  Figs. 

9  and  10  for  materials  between  2  and  8  vol  7 . 

For  an  elastomer  filled  with  a  higher  filler  content  the  propaga¬ 
ting  crack  will  not  reach  its  unstable  situation.  Other  filler 
particles  will  have  beer,  dewetted  long  before  and  cracks  will  pro¬ 
pagate  from  these  filler  particles,  some  of  them  being  situated  in 
or  near  the  cross-section  of  the  first  dewetted  particle.  Develop¬ 
ment  of  this  process  leads  to  an  increase  of  the  mean  stress  over 
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the  remaining  undewetted  cross-section  and  will  catalyze  also  the 

dewetting  of  other  particles  with  a  higher  "dewetting  strength". 

Finally  the  different  propagating  cracks  will  unite  and  lead  to 

*) 

failure.  It  will  be  clear  that  this  co-operative  process  will 
be  much  faster  than  the  process  of  propagation  of  one  single  crack 
through  the  binder;  it  will  be  the  faster  and  the  more  cumulative, 
the  higher  the  filler  content.  We  therefore  expect  the  rupture 
svress  -  rupture  time  curves  to  decrease  stronger  with  increasing 
rupture  time,  and  to  be  shifted  to  shorter  times  and  lower  stresses 
with  increasing  filler  content.  This  again  is  exactly  the  behaviour 
observed  in  Fig.  9*  The  change  in  mechanism  of  the  second  phase  of 
fracture  seems  to  occur  between  the  filler  contents  of  8  vol  %  and 
10  vol 

Finally,  the  existence  of  an  endurance  limit  for  the  materials 
with  higner  filler  content  may  be  interpreted  as  a  stress  limit 
for  dewetting  of  the  weakest  of  the  particles  of  the  sptcimen,  For, 
in  case  no  particle  is  dewetted,  the  process  described  above  will 
not  be  initiated. 


*)  This  is  the  process  which  was  described  as  dewetting  of  the 
material  in  >;hich  is  reflected  in  the  deuotting 

transition  in  the  creep  curves. 
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5.3*  Rupture  behaviour  of  elastomers  filled  with  fine  sodium  chloride 


The  rupture  behaviour  of  samples  tilled  with  fine  sodium  chloride 
is  summarized  in  Figs.  12  and  13*  In  Fig.  12  rupture  stress  vs 
rupture  time  is  plotted  for  the  samples  containing  1,  2,  5,  8, 

10  and  20  vol  fo  of  sodium  chloride  of  the  size  of  30  -  <'  j  m. 

The  samples  containing  1 ,  2  and  8  vol  of  sodium  chloride  had 
about  the  same  strength  as  the  unfilled  rubber,  apart  from  the 
fact  that  the  c  -  t  relationship  seemed  to  be  slightly  curved  for 
the  filled  samples.  The  sample  containing  5  vol  of  filler  proved 
to  be  somewhat  stronger;  however,  the  rupture  points  of  this 
sample  showed  much  more  scatter  than  the  others.  The  sample  with 
a  filler  content  of  20  vol  fs  was  weaker  and  its  a  -  t  relationship 
was  more  horizontal  than  that  of  the  lower  filled  materials. 

For  the  material  with  10  vol  of  filler,  we  only  had  three 
specimens  available.  The  corresponding  rupture  points  were  com¬ 
pletely  out  of  range  if  compared  with  the  result  of  the  other 
materials  containing  fine  filler.  We  therefo?-e  disregarded  the 
results  of  samples  no.  428  in  the  following:  this  in  spite  of 
the  fact  that  we  could  not  detect  any  irregularities  on  the 
corresponding  fracture  surfaces. 

In  Fig.  13  we  have  plotted  the  a-  t  relationships  for  the  samples 
with  a  higher  filler  content.  The  sample  with  a  filler  content 
of  25  vol  shows  the  maximum  strength;  then  the  strength  de¬ 
creases  with  increasing  filler  content.  However,  the  sample  with 
45  vol  c/-'  of  filler  seems  to  be  stronger  than  those  with  40  vol  f> 
of  filler. 

If  we  compare  Figs.  12  and  13  with  the  corresponding  figures 
for  the  coarse  filler  (Figs.  9  and  10),  it  is  observed  that 
the  influence  of  filler  content  on  strength  is  less  for  the 
smaller  filler  size;  further  the  rupture  stress  is  much  less 
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dependent  on  rupture  time  for  the  samples  with  higher  content  of 
filler.  Finally,  a  material  which  containes  a  very  small  amount 
of  fine  filler  -  in  the  limit  just  one  fine  filler  particle  -  has 
a  strength  which  is  about  equal  to  the  strength  of  the  unfilled 
material . 

Therefrom  we  conclude  that  the  stress  concentration  factor  of  a 
small  filler  particle  will  be  either  the  same  as  or  smaller  than 
the  stress  concentration  factor  of  the  inhomogeneities  which  are 
already  present  in  the  unfilled  material.  We  have  preference  for 
the  first  alternative  and  believe  that  also  a  small  filler  part¬ 
icle  acts  as  a  fracture  source.  The  argument  for  this  statement 
is  indirect:  A  material  with  e.g.  1  vol  /  of  small  filler  part¬ 
icles  has  about  the  same  strength  as  the  unfilled  material,  but 
the  scatter  in  the  values  of  the  strength  is  much  less  than  for 
the  unfilled  material:  the  artificially  created  fracture  sources 
in  the  1  voi  fa  material  are  much  less  fluctuating  in  strength 
than  the  flaws  naturally  present  in  the  unfilled  rubber.  The 
difference  in  scatter  of  the  strength  values  between  a  sample 
containing  1  vol  f  of  fine  filler  and  an  unfilled  one  can  be 
seen  by  comparing  the  creep  curves  and  fracture  points  shown 
in  Figs.  14  and  6. 

We  tried  to  find  direct  evidence  for  the  action  of  a  small  filler 
particle  as  a  source  for  fracture  initiation,  newever,  a  micro¬ 
scopic  investigation  of  the  fracture  surface  of  the  materials 
with  low  content  of  small  filler  particles  did  not  succeed.  Be¬ 
cause  of  the  optical  reflection  of  even  the  smallest  amount  of 
30-40  pm-  particles  we  could  not  detect  the  pattern  of  the 

lines  of  fracture  on  the  fracture  surfaces  with  the  light  micrc- 
*) 

scope  . 

The  second  stage  in  the  fracture  process  of  materials  with  a 


*)  Investigations  with  the  electromicroscope  are  still  to  be  performed. 
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low  content  of  small  filler  particles  will  be  the  propagation  of 
the  crack  in  the  binder  until  it  becomes  unstable.  We  therefore 
understand  why  the  a  -  t  relationship  of  those  materials  should 
coincide  with  the  a  -  t  relationship  of  the  binder. 

Like  in  the  case  of  large  filler  particles,  there  will  be  a  change 
in  mechanism  of  the  second  stage  with  an  increase  of  filler  con¬ 
tent.  For  materials  with  a  filler  content  higher  than  about  10 
vol  fo  considerable  dewetting  of  the  entire  specimen  occurs  prior 
tc  rupture  (ref,  i^),  This  may  be  clearly  seen  from  the  strong 
increase  of  strain  with  time  before  rupture  occurs.  We  have  shorn 
that  again  in  Fig.  15,  in  which  creep  curves  are  given  for  mater¬ 
ials  containing  various  amounts  of  particles  of  small  size,  under 
a  stress  of  8  kg/cm  . 

Like  in  the  case  of  large  particles,  dewetting  is  accompanied  by 
a  decrease  in  strength;  however,  there  is  no  strong  change  of  the 
shape  of  the  o’  -  t  relationship  with  increasing  filler  content. 

We  do  not  yet  understand  the  cause  of  this  difference. 
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5.4.  Rupture  behaviour  of  highl”  filled  elastomers 


Ue  start  the  discussion  with  the  results  obtained  on  composites 
with  bimodal  filler  end  very  high  filler  content. 

In  Fig.  16  re  have  plotted  rupture  stress  vs  rupture  time  in  a 
double  logarithmic  diagram'  fer  samples  containing  60,  65,  67, 
and  70  volume  percent  of  bimodal  filler,  composed  of  50  parts  of 
the  fine  and  7G  parts  of  the  coarse  sodium  chloride  (f  =  0.3). 

Ue  observed  that  the  scatter  of  the  individual  rupture  points 
around  the  lines  of  mean  strength  "as  very  small  for  highly  filled 
elastomers.  For  the  materials  rith  a  filler  content  of  65,  67  and 
70  percent  by  volume  hardly  any  deviation  of  the  rupture  points 
from  the  drawn  lines  could  be  detected. 


Two  samples  with  a  filler  content  of  approximately  70  vol  cfi  have 
been  prepared  and  investigated,  viz  sample  nos.  446  A  and  476  A. 
There  was  a  small  but  significant  difference  in  the  strength 
between  these  samples.  In  this  case  this  difference  corresponded 
with  a  difference  in  crosslinking  density  between  these  samples. 

The  stronger  one  (sample  no.  476  A)  showed  the  lower  value  of  the 
swelling  in  chloroform  and  in  trichloroethylene,  and  therefore 
the  higher  value  of  crosslinking  density  (Compare  Table  l). 

This  situation  is  typical  for  highly  filled  elastomers.  The 
scatter  of  strength  values  of  specimens  from  the  same  batch  was 
usually  very  small  and  4  to  5  specimens  were  sufficient  to  deter¬ 
mine  the  time  dependence  of  rupture  strength  of  this  baton  over 
many  decades  in  time  scale.  Between  different  batches  small  but 
significant  differences  in  strength  were  observed,  which  could 
not  always  be  explained  by  systematic  differences  in  either  cross- 
linking  density,  filler  content  or  filler  composition.  Now  and  then 
we  encountered  a  batch,  for  which  the  scatter  of  the  individual 
specimens  was  much  higher.  A  possible  explanation  could  be  that 
these  samples  have  been  less  homogeneous  than  the  majority  of  the 


T 
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samples  of  similar  composition.  An  example  may  be  found  in  sample 
no.  44-3.  as  shorn  in  Pig.  16. 

In  Fig.  17  we  have  plotted  rupture  stress  vs  rupture  time  for 
samples  containing  40,  50,  55  and  60  volume  percent  of  the  same 
bimodal  filler  (f  =  0.3).  Three  major  differences  are  observed 
between  the  results  presented  in  Figs.  16  and  17: 

1 .  The  scatter  of  the  individual  strength  values  of  specimens 

of  one  batch  is  larger  for  the  lower  filled  materials  (Pig.  17); 

2.  The  course  of  the  rupture  stress  vs  rupture  time  relationship  is 
different  for  .he  lower  filled  and  the  higher  filled  elastomers. 
In  the  former  case  it  is  more  horizontal  and  less  curved.  This 
is  the  best  observed  by  comparing  the  location  of  the  rupture 
points  of  sample  to.  443  (60  vol  ft)  with  the  o  -  t^  relation¬ 
ship  as  drawn  foi  the  other  samples  in  Fig.  16.  Though  the 
scatter  for  sample  no.  443  was  larger  than  for  the  other  samples 
shown  in  this  figure,  its  a  -  relationship  was  significantly 
different. 

3.  The  most  important  difference  between  Figs.  16  and  17  concerns 
the  influence  of  filler  content  on  strength.  In  the  region  of 
f'ller  content  between  40  vol  f>  and  60  vol  f>,  the  strength  of 
the  filled  elastomers  decreases  with  increasing  filler  content, 
whilst  from  60  vol  fo  onwards  it  increases  with  in  increasing 
filler  content.  We  will  return  to  this  important  question  in 
Section  5.5. 

We  next  discuss  the  influence  of  filler  composition  on  the  strength 
of  the  bimodal  filled  elastomers.  For  this  purpose  we  have  plotted 
in  Figs.  18,  19,  20,  21  and  22  the  rupture  stress  vs  rupture  time 
relationships  for  samples  containing  respectively  40,  50,  55,  60 
and  65  volume  percent  of  bimodal  filler  of  different  compositions. 

Consider  first  Fig.  18,  where  the  rupture  properties  of  materials 
with  40  vol  c/i  of  filler  are  compared.  The  filler  composition  is 
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indicated  by  the  value  of  f,  the  fraction  of  fine  particles  in 
the  mixture  of  the  filler.  Materials  shown  in  Pig.  18  range  from 
f  =  0.0  (only  coarse  sodium  chloride)  in  steps  of  0.1  until 
f  =  1.0  (only  fine  sodium  chloride).  For  a  number  of  compositions 
more  than  one  sample  was  prepared  and  investigated.  Three  samples 
have  been  prepared  filled  with  40  vol  ‘fo  of  coarse  sodium  chloride, 
vis  the  samples  numbered  424,  477  and  555.  Those  samples  differed 
in  strength.  Sample  no.  555  was  the  weakest,  sample  no.  424  the 
strongest  of  the  three;  these  differences  may  ba  partially  under¬ 
stood  from  minor  changes  in  the  composition  and  crosslinking 
density  The  rupture  points  and  the  line  03  mean  strength  are 
shown  for  sample  no.  555  only,  which  was  also  the  one  prepared 
most  recently.  Differences  were  also  found  between  duplicate 
batches  with  the  compositions  f  =0.1,  T  =  0.2  and  f  =  0.5.  In 
those  cases  it  was  not  easy  to  understand  the  differences  by 
minor  changes  in  composition  or  swelling.  The  samples  with  com¬ 
positions  f  =  0.5,  f  =  0.6  and  f  -  1.0  we re  prepared  in  duplicate 
as  well;  here  the  duplicates  showed  good  agreement  in  strength. 

Apart  from  these  miner  fluctuations  a  strong  influence  of  filler 
composition  on  strength  is  observed.  The  larger  the  amount  of 
fine  particles  in  the  mixture  of  the  filler,  the  higher  the 
strength.  Simulianeov sly,  there  is  a  systematic  change  of  the 
time  dependence  of  tha  strength.  For  the  materials  containing 
only  coarse  filler,  the  rupture  stress  -  rupture  time  curves  are 
low  and  show  a  large  positive  curvature;  for  materials  containing 
only  fine  filler,  the  curves  are  higher,  more  horizontal  and  re¬ 
semble  much  more  straight  lines  in  the  double  logarithmic  diagram. 
There  is  a  gradual  change  from  the  one  shape  to  the  other  with 
increase  of  the  value  of  f. 

Similar  conclusions  -  though  less  pronounced  -  may  be  drawn  from 
the  results  concerning  materials  filled  with  50  vol  %  (Fig.  19) 


*)  Sample  no.  424  and  47/  contained  a  somewhat  smaller  amount  of 
filler  than  sample  no-  555,  whilst  sample  no.  424  showed  the 
lowest  value  of  the  swelling. 
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and  55  vel  fo  (Fig.  20)  of  bimodal  filler. 

In  order  to  understand  the  rupture  behaviour  of  bimodal  filled 

elastomers  it  is  of  great  advantage  to  recall  a  viewpoint  which 

7)  13) 

has  been  successfully  used  to  explain  the  elastic  proper- 

,;es  of  the  same  systems.  In  this  concept  ,  the  bimodal  filled 
i^oer  is  considered  as  a  dispersion  of  the  coarse  filler  part¬ 
ies  in  a  hypothetical  continuous  matrix.  This  matrix  then  con¬ 
sists  of  the  rubbery  binder  and  the  fine  particles.  We  find  for 
concentration,  c  ,  of  the  coarse  particles  in  the  total  system 
(coarse  particles  +  continuous  matrix): 

c '  =  (l  -  f)e  (8) 

?cr  the  concentration,  c'',  of  the  fine  particles  in  the  contin¬ 
uous  matrix,  i.e.  in  the  (fine  particles  +  unfilled  rubber) 
system,  we  have 

c"  =  fc  /  (l  -  c')  (9) 

We  now  will  discuss  the  strength  properties  of  the  bimodal  filled 
rubbers  in  terms  of  the  concentrations  c' and  c" . 

In  Fig.  23  we  compare  the  o  -  t  relationships  for  two  samples 
which  both  contain  the  same  low  amount  (8  vol  fo)  of  coarse  part¬ 
icles.  One  of  them  is  the  sample  no.  633,  which  does  not  contain 
any  fine  particles  in  the  binder;  the  other  is  sample  no.  547, 
which  is  a  bimodax  filled  rubber  with  a  total  filler  content  of 
40  vol  Ja  and  a  mixing  ratio  of  f  =  0.8.  From  eqs.  (8)  and  (9/  we 
find  that  this  sample  also  contains  8  vol  of  coarse  particles 
which  are  now  distributed  in  a  matrix  which  itself  contains  32 
vol  (s  of  fine  particles.  'The  influence  of  the  presence  of  fine 
particles  in  the  binder  on  the  strength  is  evident.  The  presence 
of  the  small  particles  has  increased  the  strength  by  about  25  /$. 

After  the  discussion  in  the  foregoing  sections,  the  qualitative 
explanation  of  the  effect  of  small  p  rticles  is  obvious.  Small 
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particles  might  influence  both  phases  of  the  p-ocess  of  fracture 
in  the  same  direction.  The  step  of  initiation  might  be  retarded: 
a  coarse  particle  which  is  surrounded  by  fine  particles  will  show 
a  higher  dewetting  strength  than  a  coarse  particle  in  the  unfilled 
rubber.  During  the  second  phase,  i.e.,  the  propagation  cf  the 
crack  through  the  composite  binder,  the  fine  particles  will  act 
as  crack  stopping  inhomogeneities.  Therefore  also  the  phase  of 
propagation  of  the  crack  is  expected  to  be  retarded  by  the  pre¬ 
sence  of  fine  particles. 

Pig.  23  concerned  materials  with  a  small  amount  of  coarse  particles; 
an  even  stronger  effect  is  observed  for  materials  with  a  Large 
amount  of  coarse  particles,  as  is  shown  in  Fig.  24.  In  this  figure 
we  compare  the  a  -  t  relationships  for  three  materials  which  all 
contain  the  same  high  amount  (49  -  30  vo]  f)  cf  coarse  particles. 
Sample  no,  42-j  does  not  contain  any  fine  particle  in  the  binder. 
Sample  no.  453  is  a  bimodal  sample  of  a  total  filler  content  of 
55  vol  fn  and  a  mixing  ratio  of  f  =  0,1.  This  amounts  to  a  content 
of  49  vol  f>  of  coarse  particles,  distributed  in  a  matrix  which 
contains  11  vol  f  of  fine  particles.  As  third  -ype  of  material, 
two  samples  are  shown  of  the  highest  filled  rubber  (c  =  70  vol  f; 
f  =  0,3);  This  amounts  to  a  content  of  43  vol  of  coarse  particles 
distributed  in  a  matrix  which  contains  itself  41  vol  fo  of  fine 
particles.  The  large  effect  of  the  presence  of  fine  particles  in 
the  binder  is  evident;  the  strength  of  the  material  is  doubled  by 
the  presence  of  41  vol  f  of  fine  particles. 

It  is  possible  to  use  the  effect  demonstrated  in  Pig.  24  for  the 
prediction  of  the  strength  cf  highly  filled  rubbers  containing 
bimodal  filler  from  the  knowledge  of  the  strength  of  a  composite 
filled  with  the  corresponding  amount  (c1)  of  coarse  filler.  This, 
however,  has  to  be  done  with  caution,  because: 

1 .  the  curves  shown  in  Fig.  24  do  not  originate  one  from  the 

other  by  a  purely  vertical  shift;  also  a  small  Horizontal  shift 
is  involved. 


I 


r 
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2.  the  effect  of  addition  of  small  particles  to  the  binder  depends 
strongly  on  the  content  of  coarse  particles. 

This  is  shown  in  Fig.  25,  where  the  1  hour-strength  is  plotted 
for  a  number  of  unimodal  and  bimodal  filled  composites,  using 
the  value  of  c"  as  abscissa  ~nd  the  value  of  c'  as  a  parameter. 

We  observed  that  the  presence  of  fine  particles  has  no  reinforcing 
effect,  if  no  coarse  particles  are  present  (the  strength  decreases 
with  increase  of  c"  for  the  curve  with  c'  =  0).  The  reinforc¬ 
ing  effect  of  fine  particles  is  largest  for  a  content  of  50  vol 
of  coarse  particles.  In  the  intermediate  region,  (e.g.  for  c'  = 

30  vol  fo)  the  strength  first  increases  with  addition  of  fine 
particles,  then  decreases  and  finally  increases  again. 
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5.5-  Depence  of  strength  on  filler  composition  and  filler  content 


The  lines  of  mean  strength  as  shorn  in  Figs.  9.  10,  12,  13,  16, 

17,  18,  19,  20,  21  and  22  re re  used  to  read  oy  interpolation  the 

-2 

values  of  strength  of  the  composites  at  the  rupture  times  of  10  , 

-1  2  3 

10  ,  1,  10,  1C  and  10  hrs.  These  values  are  listed  in  Table  11. 

A  systematic  discussion  of  the  strength  of  the  system  polyurethane 
rubber  -  sodium  chloride  is  given  ritn  reference  to  Fig.  26.  In 
this  figure  re  have  plotted  the  values  of  strength  belonging  to 
the  rupture  time  cf  one  hour,  i»s  the  total  filler  content,  c, 

'■’ith  the  mixing  ratio  of  both  filler  fractions,  f,  as  a  parameter. 
Though  the  picture  shors  some  disturbing  scatter,  re  believe  to  be 
able  to  drar  the  folioring  general  conclusions: 

The  unfilled  rubber  hod  o  one  hour  strength  cf 

2 

9,3  +  0,6  kg/ cm  . 

A  composite  rhich  contains  v  small  amount  of  fire  filler  only, 
has  about  the  same  strength  as  the  pure  binder.  If  the  amount  of 
fine  filler  is  increased  beyond  25  vol  '  ,  the  strength  of  the 
composite  decreases. 

A  composite  ”hich  contains  a  small  amount  of  coarse  filler  Oiily, 
has  a  strength  "hich  is  about  60  percent  of  the  strength  of  the 
pure  hinder.  An  increase  of  the  amount  of  coarse  filler  beyond 
10  vol  7=  strongly  decreases  the  strength  of  the  composite. 

A  ’  imodal  filler  composed  of  ^articles  of  the  sites  30  -  40  pm 

y 

and  200  -  30C  u  m  is  most  appropriate  for  the  preparation  of  com¬ 
posites  ”ith  a  high  solids  contest,  if  the  mixing  ratio  is  chosen 
as  f  =  0,3-  For  those  composites,  the  strangtn  decreases  uith 
increasing  filler  content  if  the  total  filler  content  is  be leu 
60  vol  7-'  and  increases  rith  increasing  filler  content  beyond  60 
vol  ;■>.  Composites  filled  nth  a  bimodal  filler  ,-ith  different 
mixing  ratio  sho"  a  similar  behaviour;  cheir  strength  also  goes 


I 


-  / 


IM 
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through  a  minimum  at  a  filler  content  which  is  somewhat  below  the 
maximum  attainable  loading. 

If  we  compare  the  strength  of  the  composite  with  f  =  0,3  and 
c  =  70  vol  with  the  strength  of  composites  *rith  slightly 
different  values  of  f  and  c,  »*e  arrive  at  an  important  conclu¬ 
sion: 

The  material  which  had  been  prepared  to  contain  a  solid  loading 
as  high  as  possible,  simultaneously  shows  the  highest  value  of 
the  1  hour  strength,  if  compared  with  materials  of  slightly 
different  composition. 

Concerning  the  system  polyurethane  rubber  -  sodium  chloride,  re 
have  the  folioring  data: 

1.  most  appropriate  filler  composition  (50  -  4G|in  /  200  -  300  (i  m) : 
f  =  0,3; 

2.  maximum  solids  leading:  70  vol 

3.  one  hour  strength:  62  percent  of  the  strength  of  the  binder; 

4.  modulus  of  elasticity:  38  times  the  modulus  of  elasticity  of 

+•) 

the  binder 

From  those  conclusions,  only  the  one  concerning  the  modulus  of 
elasticity  car.  be  readily  generalized  to  composites  with  different 
chemical  components.  The  other  conclusions  are  res^ir+ed  sofar  to 
the  system  polyurethane  rubber  -  sodium  chloride.  'The  conclusion 
about  the  strength  is  even  more  restricted.  As  the  time  dependence 
of  tiie  strength  differs  for  materials  with  different  filler 
characteristics,  the  picture  concerning  the  lOCC-hr  strength  will 
be  slightly  different  from  that  of  Fig.  26.  The  1 000- hr  strength 
of  the  composites  is  plotted  vs  c  in  Fig.  27. 


)  Thi: 


conclusion 


n  was  already  drawn  in 
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6.  Future  work 


The  time  dependence  of  the  strength  of  the  composites  has  been  dis¬ 
cussed  in  this  report  without  making  use  of  the  data  available  from 
the  creep  measurements  during  the  devetting,  process.  As  an  ir^-*rant 
part  of  the  time  dependence  of  strength  rill  be  due  to  the  time 
dependence  of  the  de^etting  transition  in  the  creep  curves,  the 
relationship  betueen  both  phenomena  should  be  carefully  investigated. 
This  uill  be  done  in  a  subsequent  technical  report.  For  this  purpose 
some  more  information  is  needed  on  the  long  time  fatigue  limits  of 
the  composites. 

The  conclusions  dravn  in  this  report  are  all  restricted  to  room 
temperature.  Some  experimental  evidence  should  bo  obtained  whether 
the  general  picture  of  the  strength  of  the  composites  remains  valid 
at  lover  temperatures,  where  the  strength  of  the  bindei  uill  oecome 
higher  with  respect  to  the  adhesion  between  filler  and  binder. 

In  order  to  apply  the  conclusions,  obtained  for  the  system  poly¬ 
urethane  rubber  -  sodium  chloride,  to  real  propellants,  some  experi¬ 
ments  are  necessary  to  investigate  the  influence  of  the  larger 
adhesive  strength  between  ammonium  perchlorate  and  binder,  on  the 
strength  of  the  composites.  In  particular  ve  intend  to  prepare  and 
measure  rubbers  containing'  a  very  small  amount  of  coarse  and  fine 
ammonium  perchlorate  particles.  A  similar  remark  holds  for  dummy 
propellants  and  propellants  containing  aluminium  as  a  third  com¬ 
ponent. 


1 
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Conclusion: 


1.  Rubbers  filled  uith  less  than  10  vol  of  filler  do  not  shou  any 
creep  or  deuetting  prior  to  rupture;  the  tine  determining  phase 
in  the  fracture  process  is  the  propagation  of  the  primary  crack 
through  the  binder,  the  relationship  betueen  rupture  stress  and 
rupture  time  resembles  that  of  the  binder. 

2.  The  strength  of  samples  containing  a  small  amount  of  fine  filler 
is  equal  to  the  strength  of  the  binder. 

3.  The  strength  of  samples  containing  a  small  amount  of  coarse  filler 
is  about  half  the  strength  of  the  binder.  The  initiation  of  the 
primary  crack  uas  found  to  occur  in  the  vicinity  of  coarse  filler 
particles. 

4.  Composites  with  more  than  10  vol  c,j  and  less  than  55  vol  of  filler 
show  a  homogeneous  deuetting  of  the  material  over  the  gage  length 
and  a  deuetting  transition  in  the  creep  curve  prior  to  rupture. This 
deuetting  is  the  time  determining  phase  in  the  fracture  process. 

5.  For  composites  uith  a  content  between  1C  vol  and  55  vol  h-  of 
coarse  filler,  the  strength  decreases  strongly  ”ith  increasing 
filler  content;  the  relationship  between  the  logarithm  of  tensile 
strength  and  the  logarithm  of  rupture  time  becomes  more  curved  and 
more  time  sensitive  uith  increasing  filler  content. 

6.  For  composites  uith  a  content  betueen  25  vol  and  40  vol  of  fine 
filler,  the  strength  decreases  uith  increasing  filler  content;  the 
relationship  between  the  logarithm  of  tensile  strength  and  the 
logarithm  of  rupture  tine  remains  almost  linear  and  is  ueakly  time 
dependent  for  higher  filler  content. 
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7.  Composites  -with  more  than  55  vol  of  filler  shou  inhomogeneous 
deuetting  before  rupture;  only  the  material  in  the  vicinity  of 
the  fracture  surface  is  deuetted;  deuetting  can  hardly  be  detected 
in  the  creep  curve.  The  relationship  betveen  the  logarithm  of 
tensile  strength  and  the  logarithm  of  rupture  time  shous  a  large 
curvature  and  is  strongly  time  dependent. 

8.  A  binodal  filled  composite  may  be  considered  as  a  dispersion  of 
coarse  filler  particles  in  a  hypothetical  matrix,  which  itself 
consists  of  the  binder  and  the  fine  particles.  If  this  model  is 
applied  to  Ihe  interpretation  of  the  results,  it  is  found  that 
the  fine  particles  in  the  binder  have  a  strong  reinforcing  influ¬ 
ence  on  the  composite.  The  amount  of  reinforcing  action,  houever, 
depends  on  the  filler  concentration  of  the  coarse  particles.  There¬ 
fore,  it  was  not  possible  to  predict,  in  a  simple  manner,  the 
strength  of  a  binodal  filled  composite  from  the  strength  of  com¬ 
posites  containing  only  coarse  filler. 

9.  A  bimodal  filler  composed  of  particles  with  sizes  30-40  pm  and 
200  -  300  (in  is  most  appropriate  for  the  preparation  of  highly 
filled  elastomers,  if  the  mixing  ratio  of  coarse  to  fine  material 
is  70  to  30.  For  those  composites  the  strength  decreases  with  in¬ 
creasing  filler  content,  if  the  total  filler  content  is  below  60 
vol  /j,  and  increases  beyond  this  value. 

10.  A  material  which  had  been  prepared  for  maximum  solid  loading, 
simultaneously  has  the  highest  value  of  strength,  if  compared 
with  materials  of  only  slightly  different  compositions. 

11.  The  maximum  loading  reached  was  TC  vol  c,'-:  the  modulus  of  elasticity 
of  this  material  ras  38  times  the  modulus  of  the  binder;  the  ore- 


hour  strength  of  this  material  was  equal  to  62  ,  of  the  one-hour 
strength  of  the  binder. 
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TABLE  1 


Composition  and  Properties  of  samples  investigated 


SAMPLE 


NUMBER 


COMPOSITION 
g/lOOg  D3600 


FILLER 
vol. percent 
calculated  from 


FILLER  FRACTIONS 


fraction 


mixing  ratio 


TDI 

TMP 

DB 

ingr. 

density 

numbers 

(by 

vrei 

■ght) 

423 

0 

19.6 

4.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

r, 

V 

0 

0 

441 

0 

19.7 

4.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

0 

0 

Q 

460 

0 

19.6 

4.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

c 

0 

0 

478 

0 

19.6 

4.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

0 

0 

0 

487 

0 

19.6 

4.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

0 

0 

0 

629 

0 

19.6 

4.0 

3.9 

.0 

.0 

C\ 

0 

0 

0 

c 

c 

0 

0 

c 

479 

0 

17.3 

3.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

e 

0 

0 

0 

0 

480 

0 

18.5 

3.5 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

0 

0 

0 

482 

0 

19.6 

4.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

0 

0 

0 

483 

0 

20.7 

4.5 

2.C 

.0 

.0 

.0 

0 

0 

0 

0 

0 

0 

0 

0 

484 

0 

21.3 

5.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

0 

0 

0 

488 

0 

19.6 

4.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

c 

0 

0 

489 

0 

19.6 

4.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

0 

0 

0 

490 

0 

19.6 

4.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

0 

0 

0 

0 

0 

491 

0 

19.6 

4.0 

2.0 

.0 

.0 

.0 

0 

0 

0 

r\ 

KJ 

0 

0 

0 

0 

630 

0 

19.6 

4.0 

3.9 

1.0 

.8 

1.0 

2 

0 

0 

c 

0 

0 

c 

0 

634 

0 

19.6 

4.1 

3.9 

1.0 

1.1 

.0 

6 

0 

0 

0 

0 

0 

0 

0 

638 

0 

19.6 

4.0 

3.9 

2.0 

1.2 

1.9 

2 

0 

0 

0 

0 

0 

0 

0 

635 

0 

19.6 

4.0 

3.9 

2.0 

1.9 

.0 

6 

0 

0 

0 

0 

0 

0 

0 

633 

0 

19.6 

4.0 

3.9 

5.0 

4.1 

4.7 

2 

0 

0 

0 

0 

0 

c 

0 

636 

0 

19.6 

4.0 

3.9 

5.0 

5.0 

.0 

6 

0 

0 

0 

A 

0 

0 

0 

633 

0 

19.6 

4.0 

3.9 

8.0 

7.7 

.0 

2 

0 

0 

0 

0 

0 

0 

0 

637 

0 

19.6 

4.0 

3.9 

8.0 

8.0 

.0 

6 

0 

c 

0 

r 

c 

0 

0 

421 

0 

19.6 

4.0 

2.0 

9.8 

9.8 

10.0 

2 

Q 

c 

0 

0 

0 

0  - 

0 

428 

0 

19.6 

4.0 

2.0 

9.8 

9.8 

,0 

6 

c. 

e 

0 

0 

0 

0 

0 

420 

0 

19.6 

4.0 

2.0 

19.7 

19.4 

19.8 

2 

0 

0 

0 

r\ 

0 

c 

c 

434 

0 

19.6 

4.0 

2.0 

19.7 

19.6 

.0 

6 

0 

0 

0 

0 

c 

0 

0 

433 

0 

19.6 

4.0 

2.0 

24.6 

24.7 

.0 

6 

0 

0 

0 

0 

0 

0 

0 

422 

0 

19.6 

4.0 

2.0 

29.6 

29.4 

29.5 

2 

V 

0 

0 

c 

0 

o 

0 

431 

0 

19.6 

4.0 

1.0 

29.8 

29.5 

.0 

6 

0 

0 

0 

0 

n, 

V 

0 

432 

0 

19.6 

4.0 

1.0 

34.8 

34.5 

.0 

6 

0 

0 

0 

o 

0 

0 

0 

424 

0 

19.7 

4.0 

2.0 

39.5 

39.4 

39.5 

2 

0 

0 

0 

0 

0 

0 

c 

477 

0 

19.6 

4.0 

2.0 

39.5 

39.5 

39.6 

2 

0 

0 

0 

0 

0 

0 

555 

0 

19.6 

4.0 

2.0 

40.0 

40.3 

.0 

2 

0 

0 

0 

0 

o 

0 

0 

451 

0 

19.6 

4.0 

2,0 

39.5 

39.2 

39.4 

2 

6 

0 

0 

90 

10 

0 

0 

554 

0 

19.6 

4.0 

2.0 

40.0 

40.3 

.0 

2 

6 

0 

0 

90 

-.0 

0 

0 

477 

0 

19.6 

4.0 

2.0 

39.5 

39.2 

59.4 

2 

6 

0 

r\ 

v./ 

8~ 

20 

0 

0 

553 

0 

19.6 

4.0 

2.0 

40.0 

40.2 

.0 

2 

6 

0 

0 

20 

0 

0 

439 

0 

19.6 

4.0 

2.0 

39.5 

39.3 

39.5 

2 

6 

c 

0 

70 

3C 

0 

0 

560 

0 

19.6 

4.0 

2.0 

40.0 

40.2 

.0 

2 

6 

0 

0 

70 

50 

0 

0 

557 

0 

19.6 

4.0 

2.0 

40.0 

40.3 

.0 

2 

6 

0 

0 

60 

40 

0 

0 

550 

0 

19.6 

4.0 

2.0 

40.0 

40.2 

.0 

2 

6 

0 

0 

50 

50 

0 

0 

v  ^ts*sr*«sis3S’Ka*TS0sa*<!waess»'33S0&i*sr^'?rtws3^*i5^^^ 


es  investigated 

FILLER  FRACTIONS 

fracficn  mixing  ratio 

numbers  (by  vreight) 


PLASTICIZER 

vol. 

pet.  type 


SWELLING 
at  equil. 
pet. volume 
increase 
23  degr.C 
chi  trx 


P.  39, 


DENSITY 
at  23  degr.C 
(g/oc) 


0 

0 

0 

0 

0 

r 

0 

0 

.0 

0 

424 

331 

1.0666 

.0000 

0 

0 

0 

0 

0 

0 

0 

r* 

.0 

0 

433 

319 

1.0672 

.0000 

0 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

419 

322 

1.0672 

.0000 

0 

0 

0 

0 

c 

r\ 

0 

0 

.0 

0 

413 

318 

1.0648 

.0000 

0 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

412 

512 

1.0652 

.0000 

0 

0 

0 

0 

c 

0 

0 

c 

.0 

0 

413 

316 

1.0652 

.0000 

0 

0 

«■>» 

\J 

0 

0 

c 

0 

0 

.0 

0 

467 

357 

1.0619 

.0000 

0 

0 

0 

0 

0 

0 

0 

0 

.0 

r 

442 

335 

1.0652 

.0000 

A 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

4-!  8 

317 

1.0684 

.0000 

0 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

400 

308 

1.0705 

.0000 

0 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

385 

298 

1.0737 

.0000 

0 

0 

0 

c 

0 

c 

0 

0 

5.1 

1 

410 

308 

1.0583 

.0000 

0 

0 

0 

0 

0 

0 

0 

0 

10.0 

1 

400 

300 

1.0510 

.0000 

0 

0 

0 

0 

0 

0 

0 

0 

19.9 

1 

39? 

295 

1.0364 

.0000 

0 

0 

0 

0 

0 

0 

0 

0 

29.8 

1 

364 

284 

1.0229 

.0000 

2 

0 

c 

c 

0 

0 

c 

0 

.0 

0 

404 

312 

1.0732 

1.0760 

6 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

370 

291 

1.0770 

.0000 

2 

c 

0 

0 

0 

0 

0 

0 

.0 

0 

365 

283 

1.0783 

1.0857 

6 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

374 

238 

1.0858 

.0000 

2 

0 

0 

0 

0 

0 

c 

0 

.0 

0 

375 

291 

1.1101 

1.1167 

6 

0 

0 

0 

0 

0 

0 

c 

.0 

0 

371 

289 

1.1196 

.0000 

2 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

375 

294 

1.1494 

.0000 

£ 

0 

n. 

V/ 

0 

0 

0 

0 

0 

.0 

0 

374 

289 

1.1524 

.0000 

2 

f\ 

c 

0 

c 

0 

0 

0 

.0 

0 

A28 

333 

1.1753 

1.1770 

6 

c 

Q 

0 

0 

0 

0 

0 

.0 

0 

410 

333 

1.1752 

.0000 

2 

0 

0 

0 

0 

0 

0 

0 

1' 

»  V 

0 

417 

319 

1.2812 

1.2854 

6 

0 

0 

0 

0 

A 

0 

0 

.0 

0 

406 

323 

1.2843 

.0000 

6 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

395 

306 

1 .3390 

.0000 

2 

0 

0 

0 

0 

c 

0 

0 

.0 

0 

422 

313 

1 .3909 

1,3927 

6 

0 

0 

0 

0 

0 

c 

0 

.0 

r 1 
\J 

412 

325 

1 .3930 

.0000 

6 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

413 

315 

1 .4469 

.0000 

2 

0 

0 

0 

0 

0 

0 

0 

.0 

0 

377 

299 

1 .5010 

1.5029 

2 

0 

0 

0 

A 

w 

0 

0 

0 

.0 

0 

400 

309 

1.5026 

1.5037 

2 

0 

0 

c 

0 

0 

e 

0 

.0 

0 

389 

301 

1 .5066 

.0000 

2 

6 

0 

0 

90 

10 

c 

r\ 

u 

.0 

0 

416 

331 

1.4985 

1.5011 

2 

6 

0 

c 

90 

10 

0 

0 

.0 

0 

399 

314 

1.5074 

.0000 

2 

6 

0 

0 

80 

20 

0 

0 

.0 

c 

40C 

314 

1.4986 

1.5020 

2 

0 

0 

80 

20 

0 

0 

.0 

0 

445 

35b 

1 .5050 

.0000 

2 

0 

c 

Q 

70 

3C 

0 

0 

.0 

c 

41 1 

305 

1.4998 

1.5031 

2 

6 

0 

0 

70 

30 

0 

0 

.0 

0 

389 

302 

1.5058 

.0000 

2 

6 

0 

0 

60 

40 

0 

0 

.0 

0 

4C1 

305 

1.5062 

.0000 

n 

c. 

6 

0 

0 

50 

50 

0 

0 

.0 

0 

391 

305 

1.5058 

.0000 

0 


r 
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TABLE  1 

(continued) 

SAMPLE 

composition 

fill:.r 

FILLER  FRACTIONS 

g/100 g  D3600 

vol . 

percent 

NUMBER 

calculated  from 

fraction 

mixing  ratio 

TDI 

TMP 

DB 

ingr. 

density 

numbers 

(by  weight) 

559 

0 

19.6 

4.0 

2.0 

40.0 

40.2 

.0 

2 

6 

0 

0 

50 

50 

0 

0 

558 

0 

19.6 

4.0 

2.0 

40.0 

40.1 

.0 

2 

6 

0 

0 

40 

60 

0 

0 

548 

0 

19.6 

4.0 

2.0 

40.0 

39.8 

40,0 

2 

6 

0 

0 

30 

70 

0 

0 

547 

0 

19.6 

4.0 

2.0 

40.0 

39.8 

40.  C 

A 

6 

0 

0 

20 

80 

0 

0 

546 

0 

19.6 

4.0 

2.0 

40.0 

40.0 

40.2 

2 

6 

0 

0 

10 

90 

0 

0 

436 

0 

19.6 

4.0 

1.0 

39.7 

39.5 

.0 

6 

0 

0 

0 

0 

r 

ly 

0 

0 

55o 

C 

19.6 

4.0 

2.0 

40.0 

40. 1 

.c 

6 

0 

0 

0 

0 

0 

0 

0 

426 

a 

19.6 

4.0 

1.0 

44.8 

44.3 

44.6 

2 

0 

0 

0 

0 

0 

0 

0 

444 

19.6 

4.0 

1.C 

44.3 

44.6 

.0 

6 

0 

a 

w 

0 

0 

0 

0 

0 

425 

19.6 

4.0 

1.0 

49.7 

48.9 

49.4 

2 

0 

0 

0 

0 

0 

0 

0 

451 

\ 

19.. 

4.0 

2.0 

49.5 

49.0 

49.6 

2 

6 

0 

0 

90 

10 

0 

0 

448 

0 

19.6 

4.0 

2.0 

49.5 

49.3 

49.5 

2 

6 

0 

0 

80 

20 

0 

0 

440 

0 

19.6 

4.0 

1.0 

49.7 

49.5 

49.6 

2 

6 

0 

0 

70 

30 

0 

0 

455 

0 

19.5 

4.0 

1.0 

49.7 

49.7 

.0 

2 

6 

0 

0 

60 

40 

0 

0 

458 

0 

19.6 

4.0 

i  0 

49.7 

49.4 

49.5 

2 

6 

0 

0 

50 

50 

0 

0 

463 

0 

19.6 

4.0 

1.0 

49.7 

49.6 

45,7 

2 

6 

0 

0 

40 

60 

0 

0 

463 

0 

19.6 

4.0 

1.0 

49.7 

49.4 

49.6 

2 

6 

0 

0 

30 

70 

0 

0 

473 

1 

19.6 

4.0 

2.0 

49.5 

48.9 

49,4 

r\ 

c 

6 

0 

0 

20 

80 

0 

0 

427 

0 

19.6 

4.0 

.5 

54.9 

54.5 

.0 

2 

0 

0 

0 

0 

0 

0 

0 

453 

0 

19.6 

4.0 

1,0 

54.8 

54.5 

55.3 

2 

6 

0 

0 

90 

10 

0 

0 

449 

0 

19.6 

4.0 

1.0 

54.8 

51.1 

54.5 

2 

6 

0 

0 

80 

20 

0 

0 

442 

0 

19.6 

4.0 

1.0 

54.8 

54.5 

54.6 

2 

6 

0 

0 

70 

30 

0 

0 

456 

0 

19.6 

4.0 

1.0 

54.8 

54.5 

54.6 

2 

6 

0 

0 

60 

40 

0 

0 

459 

0 

19.6 

4.0 

.9 

54.8 

3'!. 2 

54.5 

2 

6 

0 

0 

50 

50 

0 

0 

475 

1 

19.6 

4.0 

2.1 

54.5 

54.1 

54.2 

9 

6 

0 

0 

40 

60 

0 

0 

474 

1 

19.6 

4.0 

2,0 

54.5 

53.6 

54.3 

2 

6 

0 

0 

30 

70 

0 

0 

43” 

1 

19.6 

A.O 

.9 

56.9 

56.8 

53.8 

2 

0 

0 

0 

0 

C 

0 

0 

469 

1 

19.6 

4.0 

2.0 

59.6 

58.9 

59.6 

2 

6 

0 

0 

90 

10 

0 

0 

450 

0 

19.6 

4.0 

2.0 

59.6 

59.5 

59.7 

2 

6 

c 

0 

80 

20 

0 

0 

443 

0 

19.7 

4.0 

1.1 

59.8 

59.2 

r”.5 

2 

6 

0 

0 

70 

30 

0 

0 

471 

4 

1 

19.6 

4.0 

2.0 

59.6 

59.4 

59.6 

2 

6 

0 

0 

60 

40 

0 

0 

468 

1 

19.6 

4.0 

2,0 

59,6 

59.2 

59.3 

2 

< 

0 

0 

50 

50 

a 

0 

467 

1 

19.6 

4.0 

2.0 

64,6 

64.4 

64.5 

2 

6 

0 

0 

8C 

20 

0 

0 

445 

1 

*9.6 

4.0 

1.0 

64.8 

64.3 

64.7 

2 

6 

0 

0 

70 

30 

A 

J 

0 

472 

1 

19.6 

4.0 

2.1 

64.5 

64.2 

64.4 

2 

6 

0 

0 

60 

40 

0 

0 

470 

1 

19.6 

4.0 

2.1 

67.1 

66,6 

66.9 

2 

6 

0 

0 

70 

30 

0 

0 

446 

1 

19.6 

4.0 

2.0 

69.6 

68.3 

69.5 

2 

6 

0 

c 

70 

30 

0 

0 

476 

1 

19.8 

4.0 

2.0 

69.6 

69.2 

69.5 

2 

6 

c 

0 

70 

30 

0 

0 

I 


/? 
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FILLER  FRACTIONS  PLASTIC  "ZER 


fraction  mixing  ratio 

numbers  (by  weight) 


vol. 

pet.  type 


2  C  0  0  50  50  0  0 

2  <5  0  0  40  60  0  0 

2  6  0  0  30  70  0  0 

2  6  0  0  20  80  0  0 

2  5  0  0  10  90  0  0 

6000  0000 
0  0  0  0  0  0  0 

0  0  0  0  0  0  0 

ooo  0  0  0  0 

2000  0000 
2  6  0  0  90  10  0  0 

2  6  0  0  80  20  0  0 

2  6  0  0  70  30  0  0 

2  6  0  0  60  iO  0  0 

2  6  0  0  50  50  0  0 

2  6  0  0  40  60  0  0 

2  6  0  0  30  70  0  0 

2  6  0  0  20  80  0  0 

2000  0000 
2  6  0  0  90  10  0  0 

2  6  0  0  80  20  0  0 

2  6  0  0  70  30  0  0 

2  6  0  0  60  40  0  0 

2  6  0  0  50  50  0  0 

2  6  0  0  40  60  0  0 

2  6  0  0  30  70  0  0 

20  0  0  0000 

2  6  0  0  90  10  0  0 

2  6  C  0  80  20  0  0 

2  6  0  0  r0  30  0  0 

2  6  0  0  WJ  40  0  0 

2  6  0  0  50  50  0  ( 

2  6  0  0  60  20  0  0 

2  6  0  o  70  30  0  0 

2  6  0  0  60  40  0  0 

2  6  C  0  70  30  0  0 

2  6  0  0  70  30  0  0 

2  6  0  0  70  30  0  0 


.0  0 
.0  0 
.0  0 
.0  0 
.0  0 
.0  0 
.0  0 
.0  0 
.0  o 

.0  0 
.0  0 
.0  0 
.0  0 
.0  0 
.0  o 
.0  0 
.0  0 
.0  0 

.0  o 
.0  0 
.0  o 
.0  o 
.0  o 
.0  o 
.0  o 
.0  0 

.0  0 

.0  o 
.0  c 
.0  0 
.0  0 
.0  0 

.0  0 
.0  0 
.0  0 


P- 

SVTELLING  DENSITY 

at  equil.  at  23  degr.C 
pet.  volume  (g/cc) 

increase 
23  degr.C 
chi  tri 


385 

305 

1 . 5052 

.0000 

388 

503 

1.5049 

.0000 

401 

314 

1.5015 

1.5040 

401 

316 

1.5022 

1.5032 

375 

290 

1.5042 

1.5057 

403 

322 

1.5024 

.0000 

378 

298 

1.5050 

.0000 

420 

326 

1.5553 

1 . 5582 

428 

311 

1.5530 

.0000 

419 

323 

1.6058 

1.6117 

408 

316 

1 . 6074 

1.6135 

405 

318 

1.6095 

1.6125 

412 

324 

1.6124 

1.6134 

412 

327 

1.6150 

.0000 

417 

332 

1,6113 

1.6131 

421 

315 

1.6137 

1.6145 

414 

309 

1.6110 

1.6136 

397 

303 

1.6056 

1.6105 

421 

331 

1.6665 

.0000 

416 

330 

1.6674 

1.6764 

4  22 

335 

1.6634 

1.6672 

405 

316 

1.6675 

1,6669 

411 

322 

1.6669 

1.6690 

419 

322 

1.6643 

1.6679 

398 

308 

1 . 6634 

1 . 664' 

395 

307 

1.6582 

1.66' J 

408 

300 

1.6924 

1.7146 

375 

299 

1.7147 

1.7239 

394 

315 

1 .7228 

1.7243 

410 

309 

1.7190 

1.7232 

390 

303 

1 .7209 

1 . "225 

413 

327 

1.7191 

1.7203 

387 

305 

1.7753 

1.7774 

405 

308 

1.7752 

1.7786 

388 

298 

1  .”736 

1.7762 

411 

317 

1.7995 

1.8053 

408 

299 

1.8194 

1.8322 

377 

290 

1.8278 

1.8317 

.0 

.0 

.0 


0 


0,016 


Table  5  Rupture  times, 


* 


*)  One  specimen  showed  a  void  in  the  fracture  surface;  the  corresponding  measurement  was  rejected. 


Rupture  times,  in  hrs,  of  samples  containing  50  voi  ‘,j  biraodal  NaCI  filler  of  various  compositions 


Table  8  Rupture  times,  in  hrs,  of  samples  containing  55  vol  2  of  bimodal  NaCI  filler  of  \arious  compositions 


0,014 


rtupture  nines,  in  hrs,  of  samples  containing  bimodal  NaCl  filler 


)  Two  specimens  showed  a  void  in  the  fracture  surface;  the  corresponding  data  were  rejected.. 
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Table  11  Tensile  strength,  in  kg/ cm1',  of  composites  as  function  of  rupture 
time ,  in  hrs . 


Sample  no. 

filler 
content*) 
vol  c,o 

filler 

composition 

f 

tensile  strength, 

a  after  (hrs) 

o 

10  " 

10'1 

10° 

101 

,o2 

103 

630 

1 ,0 

0,0 

- 

6,05 

5,3 

4,8 

4,5 

4,27 

634 

1.0 

1,0 

10,9 

9,85 

9,1 

8,6 

8,25 

8,0 

CO 

2,0 

0  o 

6,9 

6,1 

5,5 

5,0 

4,7 

4,6 

635 

2,0 

1,0 

10,9 

9,85 

9,1 

8,6 

8,25 

8,0 

659 

5,0 

0,0 

6,9 

6,1 

5,5 

5,0 

4,7 

4,6 

636 

5,0 

1,0 

10,5 

9,8 

9,25 

8,85 

8,55 

633 

8,0 

0,0 

6,9 

6,1 

5,5 

5,0 

4,7 

4,6 

637 

8,0 

1,0 

10,9 

9,85 

9,1 

8,6 

8,25 

8,0 

421 

9,8 

0,0 

6,8 

5,65 

4.85 

4,25 

3,9 

3,65 

428 

9,8 

1,0 

- 

- 

- 

~ 

420 

19,7 

0,0 

6,5 

5,4 

4,65 

4,1 

3,65 

3,5 

434 

19,7 

,,0 

8,4 

7,9 

7,75 

7,65 

7,6 

433 

24,6 

1,0 

1C, 2 

9,55 

9,0 

8,45 

7,95 

7,5 

422 

29,6 

0,0 

- 

4,7 

4,0 

3,5 

3,2 

3,07 

431 

29,8 

1,0 

9,65 

9,05 

8,55 

8,05 

7,6 

7,15 

432 

34,8 

1,0 

9,2 

8,6 

8,1 

7,65 

7,2 

6,75 

424 

39,5 

0,0 

- 

4,5 

3,9 

3,4 

3,1 

2,96 

477 

59,5 

0,0 

- 

4,2 

3,55 

3,1 

2,85 

2,72 

555 

40,0 

0,0 

4,9 

4,0 

3,4 

2,95 

2,7 

2,6  j 

451 

39,5 

0,1 

- 

5,2 

4,5 

:  4,0 

3,6 

3,45 

554 

40,  C 

0,1 

5,6 

4,65 

4,0 

3,5 

3,25 

3,05 

447 

39,5 

0,2 

- 

5,4 

4,6 

4,1 

3,75 

3,6 

553 

4-0,0 

0,2 

7,15 

5,9 

5,10 

4,55 

4,15 

3,95 

439 

39,5 

0,3 

- 

5,3 

4,55 

|  4,05 

3,7 

3,5 

| 

560 

40,0 

0,3 

- 

5,8 

4,9 

j  4,4 

4,0 

3,8 

557 

40,0 

0,4 

6,9 

5,7 

4,85 

4,35 

4,1 

3,9 

550 

40,0 

0,5 

7,6 

6,6 

5,9 

5,4 

5,05 

4,35 

559 

40,0 

0,5 

7,3 

6,5 

5,6 

5,15 

4,75 

4,5 

558 

40,  'j 

0,6 

7,45 

6,5 

5,8 

j  5,35 

5,0 

4,77 

CO 

ir\ 

40,0 

0,7 

8,05 

7,0 

6,3 

j  5,8 

5,5 

5,3  | 

j  547 

40,0 

1  0,3 

8,65 

7,55 

6,75 

|  6,15 

5,8 

5,55  i 

j  546 

40,0 

1  0,9 

8,7 

7,65 

!  6,9 

!  6,3 

5,9 

— 

5,7  j 
_ ! 

*)  As  calculated  from  ingredients 


i 

i 


i 

i 


i 

; 


i 

i 
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Table  11  (continued)  Tensile  strength,  in  kg/cm<',  of  composites  as  function  of 

rupture  time,  in  hrs. 


Sample  no. 

filler  \ 

* ) 

content  ' 
YOl 

filler 

tensile  strength, 

a  after 

(hrs) 

composition 

f 

-2 

10 

10-1 

10° 

BSH 

102 

10^ 

436 

39,7 

1,0 

■ 

7,85 

7,05 

6,4 

5,9 

5,6 

556 

40,0 

1,0 

8,85 

7,9 

7,15 

6,55 

6,1 

5,9 

426 

44,8 

0,0 

“ 

3,55 

2,95 

2,6 

2,35 

2,25 

444  A 

44,8 

1,0 

- 

8,15 

7,3 

6,65 

6,15 

5,85 

425 

49,7 

0,0 

3,25 

2,65 

2,3 

2,08 

1,99 

452 

49,5 

0,1 

4,95 

4,15 

3,6 

3,2 

2,96 

2,76 

448 

49,5 

0,2 

6 , 0 

5,15 

4,5 

4,0 

3,65 

5,4 

440 

49,7 

0,3 

6,2 

5,3 

4,65 

4,15 

3,75 

3,45 

455 

49,7 

0,4 

- 

5,35 

4,75 

4,25 

3,85 

3,55 

458 

49,7 

0,5 

- 

5,55 

4,9 

4,4 

3,95 

3,7 

465 

49,7 

0,6 

- 

5,8 

5,1 

4,6 

4,2 

3,95 

463 

49,7 

0,7 

7,9 

6,45 

5,55 

5,0 

4,65 

4,45 

473  A 

49,5 

0,8 

- 

7,75 

6,35 

5,55 

5,05 

4,7 

427 

54,9 

0,0 

- 

2,95 

2,45 

2,05 

1,85 

1,74 

453 

54,8 

0,1 

- 

3,85 

3,25 

2,80 

2,55 

2,35 

449 

54,8 

A  -A 

■j,2 

- 

4,40 

3,70 

3,2 

2,85 

2,6 

442 

54,8 

0,3 

5,40 

4,65 

4,10 

3,70 

3,48 

456 

54,8 

0,4 

- 

5,2 

4,50 

3,95 

3,60 

3,40 

459 

54,8 

0,5 

- 

5,85 

5,0 

4,45 

4,0 

3,70 

475  A 

54,5 

0,6 

6,35 

5,35 

4,7 

4,2 

3,85 

474  A 

54,5 

0,7 

- 

7,05 

5,85 

5,05 

4.5 

4,15 

437  A 

56,9 

0,0 

- 

5,8 

2,9 

2,32 

1,93 

1 ,66 

469  A 

59,6 

0,1 

5,7 

4,25 

5,40 

2,8 

2,4 

2,18 

450 

59,6 

0,2 

5,85 

4,9 

4,2 

3,7 

3,35 

3,05 

445 

59,8 

0,3 

6,15 

5,0 

4,15 

3,6 

3,2 

2,95 

471  A 

59,6 

0,4 

7,45 

5,8 

4,7 

4,0 

3,5 

5,22 

468  A 

59,6 

0,5 

8,1 

6,3 

5,1  ) 

4,35 

3,85 

3,51 

467  A 

64,6 

0,2 

5,8 

4,5 

3,65 

3,1 

2,68 

445  A 

64.8 

0,3 

7,0 

5,4 

4,4 

3,7 

5,15 

2,77 

472  A 

64,5 

0,4 

6,75 

5,4 

4,45 

5,85 

470  A 

67,1 

0,3 

7  0 

6,10 

4,53 

4,15 

3,55 

3,15 

|  446  A 

69,6 

0,5 

R  0 

6,75 

5,45 

4,55 

5,95 

!  3,56 

j  476  A 

09,6 

— 

r  ~ 

^  j  J 

9,6 

j 

7,15 

_  . 

5,7 

4,75 

4.1 

1 

;  7’7 

~)  As  calculated  from  _ngredients 
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Legend  to  figures 


Pig.  1 .  Survey  of  the  materials  prepared  and  investigated  for  tensile 
creep  properties. 


Pig.  2. 


Fig.  3. 


Pig.  4. 


Pig.  5. 


Pig.  6. 


Schematic  illustration  of  the  tensile  creep  measurement  for 
specimens  from  filled  materials. 

Clamping  of  specimen  from  unfilled  rubber  and  dimensions  of 
the  tensile  creep  specimen. 

Tensile  creep  curves  for  various  stress  levels  for  bimodal 
filled  polyurethane  rubber  no.  452  containing  49>5  vol  of 
bimodal  filler  uith  a  filler  composition  f  =  0,1;  temp.  21  °C ; 
R.H.  65  £. 

Tensile  creep  curves  for  various  stress  levels  for  bimodal 
filled  polyurethane  rubber  no.  448  containing  49,5  vol  >■>  of 

o 

bimodal  filler  uith  a  filler  composition  f  =  0,2;  temp.  21  C; 
R.H.  65 

Tensile  creep  curve  for  various  stress  levels  for  unfilled 
polyurethane  rubber  629;  temp.  21  VC;  R.H.  65 


Fig.  7.  Tensile  stress  vs  rupture  time  for  various  unfilled  poly¬ 
urethane  rubbers  as  indicated.  The  dram  lino  represents 
eq.  (5). 

rig.  8.  Schematic  drawings of  the  rupture  surface  of  three  specimens 
from  unfilled  rubber  629,  broken  in  tensile  creep. 


Fig.  9-  Tensile  stress  vs  rupture  time  for  various  rubbers  filled  uith 
different  amounts  of  coarse  sodium  chloride  fraction  no.  2 
(200  -  500  p  m)  as  indicated;  also  shorn  arc  the  lines  of  mean 
strength  for  the  unfilled  rubber  and  for  samples  containing  a 
small  amount  of  filler  fraction  no.  2;  temp.  21  °C:  R.H.  65 
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10.  Tensile  stress  vs  rupture  time  for  various  rubbers  filled 
vith  a  small  amount  of  filler  fraction  no.  2  (20C  -  500  jam) 
as  indicated;  also  sho-.m  are  the  lines  of  mean  strength  for 
the  unfilled  rubber  and.  for  the  sample  containing  10  vol  of 
f? Her  fraction  no.  2;  21  °C:  R.H.  65 

1 1 .  Schematic  drawings  of  rupture  surfaces  of  specimen  from  poly¬ 
urethane  rubber  containing  small  amounts  of  coarse  sodium 
chloride  fraction  no.  2  (200  -  500  pm). 

11a  and  11b  rupture  surface  of  tensile  specimen  from  poly¬ 
urethane  rubber  no.  650,  containing  1  vol  of  coarse  filler. 
11c  rupture  surface  of  tensile  specimen  from  polyurethane 
rubber  no.  638,  containing  2  vol  c,j  of  coarse  filler, 
lid  rupture  surface  of  tensile  specimen  from  polyurethane 
rubber  no.  633,  containing  8  vol  r,--  of  coarse  filler;  drawing 
shows  a  magnification  of  a  part  of  the  surface  where,  probably, 
the  primary  origin  of  rupture  was  situated. 

12.  Tensile  stress  vs  rupture  time  for  various  rubbers  filled  •with 
different  amounts  of  filler  fraction  no.  6  (30  -  40  pm),  as 
indicated. 

13.  Tensile  stress  vs  rupture  tine  for  various  rubbers  filled  with 
different  amounts  of  filler  fraction  no. 6  (50  -  40  pm),  as 
rndicatec . 

14.  Tensile  creep  curves  for  various  stress  levels  for  polyurethane 
rubber  no.  634,  filled  with  1  vcl  rt>  of  filler  fraction  no.  6 
(50  -  40  pu):  temp.  21  °C:  ~:.H.  65 

2 

15.  Tensile  creep  curves,  under  a  stress  of  8  kg/ cm  for  polyure¬ 
thane  rubbers  filled  with  different  amounts  of  filler  fraction 
no.  6  (30  -  40  pm);  temp.  21  °C;  R.H.  65  c,-- 

16.  Tensile  stress  vs  rupture  time  for  various  rubbers  filled  with 
high  amounts  of  bimodal  sodium  chloride  filler  with  composition 
f  =  0,3;  temp.  21  °C;  R.H.  65 


{gggj'.OM IW****’ 
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Fig.  17.  Tensile  stress  vs  rupture  time  for  various  rubbers  filled 
with  different  amounts  of  bimodal  sodium  chloride  filler 
:dth  composition  f  =  C,3;  temp.  21  °C;  R.L.  65  £>. 

Fig.  18.  Tensile  stress  vs  rupture  time  for  rubbers  filled  with 

approximately  40  vol  /->  of  bimodal  sodium  chloride  filler 
of  various  compositions;  temp.  21  °C;  R.H.  65 


Fig.  19.  Tensile  stress  vs  rupture  time  for  rubbers  filled  with 

approximately  50  vol  of  bimodal  sodium  chloride  filler 
of  various  composition:  temp.  21  °C;  P..H.  65  £>. 

Fig.  20.  Tensile  stress  vs  rupture  time  for  rubbers  filled  with 

approximately  55  vo?  r,j  of  bimodal  sodium  chloride  filler 
of  various  compositions;  temp.  21  °C;  R.H.  65  £>. 

Fig.  21 .  Tensile  stress  vs  rupture  tine  for  rubbers  filled  uith 

approximately  60  vol  O  of  bimodal  sodium  chloride  filler 
of  various  compositions;  temp.  21  °C;  R.H.  65  £. 

Fig.  22.  Tensile  stress  vs  rupture  tine  for  rubbers  filled  with 

approximately  55  vol  >->  of  bimodal  sodium  chloride  filler 
of  various  compositions;  temp.  21  °C;  R.H.  65  £>. 

Fig.  23.  Tensile  stress  vs  rupture  tine  for  two  rubbers  containing 

approximately  8  vol  of  coarse  particles,  with  a  different 
content  of  fine  particles;  temp.  21  °C;  R.H.  65  /•>. 

Fig.  24.  Tensile  stress  vs  rupture  time  for  three  materials 

containing  approximately  50  vol  fj  of  coarse  particles, 
with  a  different  content  of  fine  particles;  temp.  21  °C; 
P.H.  65 

Fig.  25.  One-hour  strength  plo.ted  vs  c",  the  volume  content  of  fine 
particles  in  the  binder,  with  c'r  the  volune  content  of 
coarse  particles  as  a  parameter. 
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Fig.  26.  One-hour  strength  plotted  vs  c,  the  total  filler  content, 
uith  f,  the  mixing  ratio  of  the  bimodal  filler,  as  a 
parameter.  Also  sboun  is  the  one-hoar  strength  of  the 
binder. 

Pig.  27.  1000-hrs  strength  plotted  vs  c,  the  total  filler  content, 

uith  f,  the  mixing  ratio  of  the  bimodal  filler,  as  a 
parameter.  Also  shoun  is  the  10(X)-hrs  strength  of  the 
binder. 
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Fig.lA  Tensile  creep  programme  unimodaf  filled  rubbers 
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(a)  specimen  629/5 
stress  8,5  kg/cm2 
rupture  time  7,9  hrs 


(c)  specimen  629/6 

stress  10,5  kg/cm2 
rupture  time  0,38  hrs 


(b)  specimen  629/2 
stress  7.75  kg/cm2 
rupture  time  1,75  hrs 


Fig.  8  Fracture  surfaces 
of  unfilled  rubber  3600/629 

P  =  origin  of  primary  fracture 
S  =  origin  of  secondary  fracture 
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Pig.  9  tensile  creep 
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Fig.  10  tensile  creep 

200-300 >um  NaCi 

sample  no.  vol.% 

^  3600/630  1 

*  3600/638  2 

3600/639  5 

3600/633  8 


Fig. 11  Fracture  surfaces  of  rubbers  filled  with 
coarse  sodium  chloride 


(a)  specimen  630/6  (b)  specimen  630/7 

stress  6,0  kg/cm2  stress  5,6  kg /cm2 

rupture  time  0C11  hrs  rupture  time  4,8  hrs 


c  =  1  vol.%  c-1vol.% 


(c)  specimen  638/8  (d)  specimen  633/2 

stress  5,5  kg/crn2  stress  6,0  kg /cm2 

rupture  time  0.36  hrs  rupture  time  0,2  hrs 


c  =  2  vol.%  c  =  8  vol.% 

enlarged  section  of  the 
fracture  surface 


Or,  kg/cm2 


Fig. 12  tensile  creep 
30-40/jm  NaCl 
sample  no.  vol.% 
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Fig.  18  tensile  creep 
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Fig.  27 
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A  large  number  of  composites  has  baan  prepared  wi th  sodium  chloride 
as  a  filler  and  polyurethane  rubber  as  a  binder.  Two  filler  sizes 
were  used,  viz  a  coarse  filler  fraction  of  200  -  300  pm  and  a  fine 
filler  fraction  of  30  -  40  pm.  Furthermore  a  bimodal  filler  was 
prepared  by  mixing  those  fractions  in  ratios,  which  were  varied 
between  0,1  and  0,9  in  steps  of  0,1.  Composites  were  prepared  which 
contained  between  1  vol  ct.  and  58  vol  r,j  of  coarse  filler,  between  1 
vol  and  45  vol  fo  of  fine  filler,  and  between  40  vol  ft  and  70  vol  c,o 
of  bimodal  filler  of  different  compositions. 

Those  materials  were  investigated  in  tensile  creep  under  dead  loads 
at  21  °C  and  65  /S  P..E.  The  creep  behaviour  (de  wet  ting  transition) 
was  measured,  the  relation  between  tensile  strength  and  rupture  time 
was  determined,  and  rupture  surfaces  were  studied  by  microscope  and 
microscan. 
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